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ABSTRACT
The performance and durability of proton exchange membrane fuel cells (PEMFCs) are greatly
influenced by their water management capability. Therefore, novel flow field designs have been
developing by researchers for the improvement of PEMFCs. Among those designs, novel
biomimetic designs or so-called nature-inspired designs have captured special attention from
researchers due to their capability of distributing fluids effectively with their prominent
characteristics such as low pressure drops and efficient fluid distribution. This thesis presents a
numerical investigation of the liquid water transport in PEMFC cathode with various biomimetic
flow field designs. It includes a symmetrical biomimetic flow field design based on Murray’s Law,
a leaf-like flow field design, and a leaf-like biomimetic flow field design based on Murray’s Law.
In the studies, the volume of fluid (VOF) method is employed in order to track the gas-liquid
interface. Moreover, the dynamic contact angle (DCA) effects are also considered in the
simulations for better predictions of water distribution using a validated DCA model. The
simulation results are the predictions of the distribution of liquid water, pressure, and velocity as
well as the pressure drop. From the results, the fundamental understandings of the liquid water
transportation behaviors inside the simulated biomimetic flow field designs are reported. The
patterns of the liquid amount changing inside the flow field and porous layer as well as the pressure
drop patterns over time are similar for all three cases. For the symmetrical design based on
Murray’s Law, it shows the best water management capability among the three; However,
improvements could be made such as rounded corners for better fluid distribution. Furthermore,
the branching in the leaf-like designs helps to promote the electrochemical reaction inside the fuel
cell and distribute the reactants throughout the flow field.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Fuel Cell
1.1.1

Fuel Cell working principle

Fuel cells are energy conversion devices relying on electrochemistry in order to produce electricity.
For a simple fuel cell, two electrochemical half-reactions are considered:
H2 ⇌ 2H + + 2e−
1
O + 2H + + 2e− ⇌ H2 O
2 2
A basic fuel cell consists of three components: an electrolyte, an anode, and a cathode. An
electrolyte is used for spatial separating the hydrogen combustion reactions. It allows only ions to
flow through but not the electrons. The electrolyte is placed between and separates two electrodes,
in which the two electrochemical half-reactions take place. By spatially separating a reaction at
one electrode (anode), electrons from the fuel have to flow through an external circuit and generate
an electric current while protons flow through the electrolyte. The protons and electrons then
reunite at the opposite electrode (cathode) and combine with oxygen to produce water, a reaction
byproduct for the case of hydrogen fuel cells. A diagram for the basic operation of a fuel cell is
shown in Figure 1.1.
The electricity produced by a fuel cell is proportional to the reaction site area where the reactants,
the electrode, and the electrolyte meet. In other words, the larger the reaction surface area is, the
larger the electric current the fuel cell produces. Therefore, a fuel cell is made into a thin and planar
structure with the porous electrode in order to have a large area of the reaction surface [1].

1

Figure 1.1. Fuel Cell operation diagram. (Source: Wikimedia Commons [2]).
The basic fuel cell operation can be divided into the following steps [1]:
1. Reactant delivery (transport) into the fuel cell: In this step, fuel and oxidant are supplied
continuously into the fuel cell. The supply of the reactants must be sufficient in order to avoid
"starving".
2. Electrochemical reaction: After the reactants being delivered to the electrodes, the
electrochemical reaction occurs. The rate of electricity generation depends on the electrochemical
reaction rates.
3. Ionic conduction through the electrolyte and electronic conduction through the external
circuit: During the electrochemical reaction, ions and protons are produced at the anode and
consumed at the cathode. The electrons are transported via an external circuit from one electrode
(anode) to the other (cathode) while ions travel through an electrolyte.
4. Product removal from the fuel cell: Products are generated from the electrochemical
reactions (water for H2-O2 fuel cell or water and CO2 for hydrocarbon fuel cells). The product must
be removed sufficiently from the fuel cell in order to prevent it to block the reactants participating
in the electrochemical reactions. In PEMFC, the insufficient water removal process can cause
"flooding", which causes serious issues for fuel cell performance and durability.
2

1.1.2

Fuel Cell benefits and major types of Fuel Cells

Electricity is produced directly from the electrochemistry process in fuel cells. Therefore, it has
much higher efficiency than combustion engines. This type of energy conversion device is also
highly reliable, long-lasting, operating silently since it has no moving parts. Noticeably, it has nearzero greenhouse gas emissions [3]. Furthermore, fuel cell systems are also easy to scale. Unlike
batteries, fuel cell systems can continuously produce electricity as long as fuel is supplied, and they
also offer higher energy densities [1]. Because of their advantages, fuel cells are used in a wide
range of applications, from small scale to large scale, from portable power sources or moving
vehicles to stationary power plants.
Despite that all fuel cells have the same underlying electrochemical principles; they are categorized
into five groups depending on their electrolyte [1]:
1. Phosphoric acid fuel cell (PAFC)
2. Polymer electrolyte membrane fuel cell (PEMFC)
3. Alkaline fuel cell (AFC)
4. Molten carbonate fuel cell (MCFC)
5. Solid-oxide fuel cell (SOFC)
Table 1.1 shows the comparison of the five types of Fuel Cell Technologies [4].

3

Table 1.1. Comparison of Fuel Cell technology [4].

Fuel cell
type

Phosphor
ic acid
(PAFC)

Common
electrolyte

Phosphoric
acid soaked
in a porous
matrix or
imbibed in a
polymer
membrane

Polymer
electrolyte membrane
(PEM)

Perfluoro
sulfonic
acid

Alkaline
(AFC)

Aqueous
potassium
hydroxide
soaked in a
porous
matrix, or
alkaline
polymer
membrane

Molten
carbonate
(MCFC)

Molten
lithium,
sodium,
and/or
potassium
carbonates,
soaked in a
porous
matrix

Solid
oxide
(SOFC)

Yttria
stabilized
zirconia

Operating
temperature

Typical Electrical
stack size efficiency

150°–
200°C

5–400
kW, 100
kW
module
(liquid
PAFC)
<10 kW
(polymer
membrane)

<120°C

<100°C

600°–
700°C

500°–
1,000°C

<1 kW–
100 kW

1–100 kW

300 kW–3
MW,
300 kW
module

1 kW–2
MW

40%

60%
direct
H2;
40%
reformed
fuel

60%

50%

60%

4

Applications

Advantages

Challenges

Distributed
generation

Suitable for
CHP, increased
tolerance to
fuel impurities

Expensive
catalysts,
long start-up
time, sulfur
sensitivity

Backup power,
portable power,
distributed
generation,
transportation,
specialty
vehicles

Solid
electrolyte
reduces
corrosion and
electrolyte
management
problems, low
temperature,
quick start-up,
and loadfollowing

Expensive
catalysts,
sensitive to
fuel
impurities

Military, space,
pack up power,
transportation

Wider range of
stable
materials
allows lower
cost components, low
temperature,
quick start-up

Electric utility
Distributed
generation

High
efficiency, fuel
flexibility,
suitable for
CHP,
hybrid/gas
turbine cycle

Auxiliary power
Electric utility
Distributed
generation

High
efficiency, fuel
flexibility,
solid
electrolyte,
suitable for
CHP,
hybrid/gas
turbine cycle

Sensitive to
CO2 in fuel
and air,
electrolyte
management
(aqueous),
electrolyte
conductivity
(polymer)
Hightemperature
corrosion
and
breakdown
of cell
components,
long start-up
time, low
power
density
Hightemperature
corrosion
and
breakdown
of cell
components,
long start-up
time, limited
number of
shutdowns

1.2 Proton Exchange Membrane Fuel Cell
1.2.1

Introduction to Proton Exchange Membrane Fuel Cell

Among all fuel cell technologies, Polymer exchange membrane fuel cell (PEMFC) has the highest
power density. Furthermore, it also has good start-stop capabilities, quickly responds to load
changes, and low operating temperatures (typically at around 60 - 80°C), which is suitable for a
large range of applications from transportation to stationary power units [1].
PEMFCs use hydrogen gas and air as the fuel and the oxidant, respectively, to produce electricity
through electrochemical reactions, with water as the reaction product. The components of a
PEMFC cell include a membrane electrode assembly (MEA) and bipolar plates. The MEA is a
sandwich structure that contains a polymer electrolyte membrane placed between anode and
cathode catalyst-gas diffusion layers. The MEA is then sandwiched between the two bipolar plates.
The bipolar plate on the anode side channels the hydrogen fuel to the anode. On the cathode side
of the bipolar plates, air (oxidant) is supplied to the cathode and the water is drained out of the fuel
cell. Inside the bipolar plates, the flow field is the group channel in charge of distributing the fuel
or oxidant and drain out the water. Moreover, the bipolar plates also have the role of electron
collectors. Figure 1.2 shows the illustration of components of a PEMFC.
There are three driving forces that motivate the charge transport inside a fuel cell: the electrical
driving forces presented by the electrical potential gradient, the chemical driving forces presented
by the chemical potential (concentration) gradient, and mechanical driving forces represented by
the pressure gradient. In an H2-O2 fuel cell, the protons/electrons accumulate at the anode while
depleting at the cathode. It creates a voltage gradient and concentration gradient, which are the
driving forces of charge transport. In most cases, the electrical potential gradient is the dominant
force that drives fuel cell transport. As in the hydrogen reaction, a difference in chemical free
energy between the reactant and product states at the cathode will lead to an electrical potential
difference [1].
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Figure 1.2. Schematics of a PEMFC showing its internal structure (a) and modeling scales (b)
[5].
For electron conductors, the valence electrons detached from the atomic lattice and move freely
inside the metal while the metal ions remain intact and immobile. On the other hand, the solid-state
ionic conductor consists of both positive and negative ions with fixed positions. In the solid-state
ionic conductor, the "vacancies" and "interstitials" caused by the missing atoms and extra atoms,
respectively, are present occasionally. Therefore, charge transport occurs by "hopping" through
those defects [1].
The PEMFCs use polymer as the material class for its electrolyte. The structure of a good ion
conductor must have the presence of fixed charge sites and free volume ("open space"). In which,
the fixed charge sites have the opposite charge with the moving ions. It provides a temporary center
for the moving ions can be accepted and released. Because the polymer structure is not fully dense,
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it has small spore structures. Therefore, improve the ability of ions to travel across the polymer.
Because of the free volume, polymer segments can move or vibrate and physically transfer the ions
between the charged sites. Furthermore, the polymer free volume also allows the vehicle
mechanism to occur. In the mechanism, the ions travel by "hitching" a ride on "vehicles" (free
species) as they passed by. It is very common for water to be used as a vehicle in polymer exchange
membrane fuel cells. The ions can ride on the water molecules as they pass through the free volume.
The most common electrolyte for PEMFC is Persulfonated polytetrafluoroethylene (PTFE) or
known as Nafion. The schematics of the chemical structure of Nafion and the microscopic view of
proton conduction in Nafion are shown in Figure 1.3. A backbone structure similar to Teflon is
used for providing mechanical strength of the Nafion. On the other hand, the sulfonic acid (SO3–
H+) groups are included for providing charge sites for proton transport. The free volume inside the
Nafion creates interconnected nanometer-sized pores. The walls of the pores are lined by sulfonic
acid groups (SO3–H+). When water presents, the protons (H+) in the pores detach from the sulfonic
acid chains and form hydronium complexes (H3O+). With enough water in the pores, the hydronium
can transport in the aqueous phase. Furthermore, the Teflon backbone also has hydrophobic
surfaces, which helps accelerate the water transporting through the membrane. In the process,
protons drag one or two water molecules with them while traveling through the Nafion pores. The
phenomenon is called electro-osmotic drag. On the other hand, back diffusion also occurs as there
is a difference in the concentration of water between the anode and the cathode [1].
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Figure 1.3. Schematics of the chemical structure of Nafion (a), and the microscopic view of
proton conduction in Nafion [1].

1.2.2

PEMFC water management issues

For PEMFCs, Nafion is the most popular type of electrolyte used for PEMFC. In order to maintain
its extremely high ionic conductivity, the Nafion membrane must be well hydrated with liquid
water. In the other words, the membrane ohmic resistance is greatly affected by the amount of
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water content. Thus, a sufficient water management scheme is necessary for avoiding dehydration
of the membrane. However, too much liquid water generated as the reaction product can cause
blockages that slow or completely prevent reactants from participating in the electrochemistry
reactions. The "starvation" of fuel caused by "flooding" makes the fuel cell performance and
efficiency reduce significantly. Moreover, the phenomenon also affects the fuel cell durability as
it causes irreversible degradations such as carbon corrosion, which lowers catalyst and membrane
mechanical strength and increases electronic resistance [6]. Therefore, proper water management
is crucial for PEMFCs to maintain good performance and avoid reliability and durability issues.

1.2.3

Biomimetic flow field designs

Besides using active water management strategies [6, 7], a good flow field design can be utilized for
improving PEMFC water management capability. The flow field plates inside PEMFCs have the
roles of distributing and removing the reactants and products, respectively. Thus, the design of the
flow field affects the reliability, durability, and performance of PEMFCs. The flow field design must
be able to maintain membrane hydration over the membrane active area, and also has to be capable
of preventing flooding. It is also important for the flow field to be well designed in order to provide
a uniform distribution of gas reactants with a low pressure drop as the relatively low pressure drop
between the inlet and outlet allows the parasitic losses to be minimized. Furthermore, high pressure
drop also causes high mechanical stress, which affects the integrity of the fuel cell structure [9].
Conventionally, there are three basic flow field patterns: parallel, serpentine, and interdigitated. The
advantage of the parallel design is the low overall pressure drop; However, the flow distribution can
be ununiform which makes the mass transfer losses increase and current density decrease. The
serpentine design provides good water removal capability but high pressure drop. The interdigitated
design gives good water management capability. However, due to the forced convection, the
disadvantage of this type of flow field is the high pressure drop [10]. In order to improve the fuel cell
water management capabilities, many research efforts have been carrying out for the search of an
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optimal flow fields design with the focus on uniform gas distribution, low pressure drop, and
sufficient rib area for providing high electronic conductivity. Currently, one of the promising novel
types of flow field design is biomimetic designs, the designs mimic the structure of the biological
transport networks such as lungs, veins, and leaves. The idea of the designs is based on the fact that
fluid delivery systems have been naturally involving for millions of years in order to deliver fluid
efficiently for various and vital purposes in living organisms. This promising type of design provides
low hydraulic resistance, uniform flow distribution, and low pressure drop [11]. The biomimetic flow
field designs include designs inspired by the lung, leaf, geometries based on Murray's Law [12–15],
and leaf vein branching patterns [16, 17].

1.3 Numerical simulation of PEMFC cathode
1.3.1

Two-phase flow simulation of PEMFC cathode

The investigation and optimization of PEMFC flow field designs are often conducted based on the
computational fluid dynamic simulation methods. Various computational modeling and simulation
methods have been used for simulating transport phenomena in PEMFCs as a single channel, a
complete flow field, a cell, or even a complete stack [18]. The computational models can be
categorized as steady or transient (temporally) and one -, two -, or three - directions (spatially).
In the last decades, the computing capabilities of computers have grown enormously. Therefore, the
3D multiphase numerical modeling and simulating of the flows and heat transfer becomes suitable
for the study of complicated transport phenomena inside PEMFC [18]. Without the need for costly
experiments, the 3D numerical simulation is also considered a useful tool for the evaluation of novel
flow field designs.
In order to simulate the complex air and water transport behaviors inside PEMFC flow fields, the
volume of fluid (VOF) method is often used [19, 20]. The VOF method is popularly used for the
simulation of multiphase fluid flows with significant changes in the interface topology. It can track
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the immiscible interfaces between the gas mixture and liquid water as two separated phases in the
flow field channel and also the void of the GDL porous media. The effects of surface tension and
wall adhesion at the gaseous and liquid phase interfaces, which are significant in the two-phase
simulation in millimeter-scale, also can be incorporated in the VOF model.
Numerous studies have been carried out by Zhou et al. [21–31] in order to investigate the two-phase
flow phenomena and performance of PEMFCs using the VOF method. In which, various flow field
designs for PEMFC have been studied in different configurations such as in a channel [20, 21], a
single cell [22, 24], and in stacks [25, 26]. The method is also used for studying the water management
capabilities of innovated GDL [27]. Moreover, a state-of-the-art two-phase flow simulation method
interrelating the electrochemistry reactions and heat transfer is used for simulating the transport
phenomena and reflect its effect on fuel cell performance of different cell and channel configurations
[22]. However, the method requires complex coupling and excessive computational efforts.
Therefore, a more rapid model is used for the general and rapid simulations of novel flow field
designs in PEMFC cathode [28]. The model is also validated with experimental results and
implemented for the water management simulation of various flow field designs such as parallel [29],
interdigitated [30], serpentine [31], and stirred tank reactor [23].

1.3.2

Application of Dynamic Contact Angle model

The contact angle is the angle taken between the liquid and the solid surface. It is often used for
quantifying the wettability of a solid surface. The surface is said non-wetting (hydrophobic) when
the contact angle between the liquid and the solid surface is larger than 90°. In contrast, the liquid
droplet would spread and adhere to the surface as the contact angle is lower than 90°. Therefore, it
is an important quantity to describe the interaction between gas, liquid, and solid surfaces. Young's
equation is used to relate the contact angle 𝜃𝐶 to the interfacial energies of the solid/gas
𝛾𝑆𝐺 , solid/liquid 𝛾𝑆𝐿 , and liquid/gas 𝛾𝐿𝐺 interfaces:
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𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺 cos(𝜃𝐶 )

(1)

Figure 1.4. An illustration of a drop of liquid showing the quantities in Young’s equation
(Source: Wikimedia Commons [32]).
Figure 1.4 shows a schematic of a liquid droplet with the quantities in the Young equation, where
𝜃𝐶 is the contact angle at equilibrium. When the liquid droplet is not moving, the contact angle is
referred to as static contact angle (SCA) 𝜃𝑠 . However, in reality, the liquid water inside PEMFCs
is continuously changing and evolving due to the inflow of air and the creation of water. Therefore,
dynamic contact angle (DCA) 𝜃𝑑 should be used for the accurate modeling and simulating of
liquid-air interaction behaviors inside PEMFCs.
The static contact angles are often used as wall boundary conditions for the two-phase flow
simulation of water and air in flow field structures while only a few researchers incorporate
dynamic contact angles in their simulation models. Thus, a robust DCA model was employed for
the reliable simulation of liquid water behavior on solid surfaces as well as liquid-gas interaction
phenomena in a PEMFC cathode with a parallel flow field [33]. In the model, the Hoffman
function, also known as Kistler's Law [34] is implemented for the prediction of the DCA values. It
provides the relationship between the dynamic contact angle, capillary number, and shift factor.
Moreover, the developed DCA model has been validated by comparing with the experimental
results for the droplet impact on the horizontal and inclined surfaces in a study by Jiang et al. [35].
The study [35] shows promising results for the application of the DCA model for liquid water
droplet behavior prediction. Thus, the application of the validated VOF method [28] integrating
the validated DCA model [33] promises to provide rapid, meaningful, and accurate simulation
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results for the investigation of liquid water transport in PEMFC cathode with novel flow field
designs.

1.4 Objectives and thesis outlines
The main objective of this thesis is the understandings of the liquid water transport behaviors in
PEMFC cathode with various biomimetic flow field designs. The studies are carried out numerically
by using three-dimensional, unsteady, two-phase simulations. The validated dynamic contact angle
model is implemented for more accurate simulation results. From the simulation results, pressure
distribution and velocity distribution, liquid water distribution inside the biomimetic flow field
designs can be observed. The parameters are coupled and highly influenced by one another. The
objective here is to evaluate the fluid transport process inside the PEMFC cathode, which has
profound impacts on the performance and durability of the PEMFCs. Specifically, the gas reactants
must be distributed efficiently in order to avoid "starving" of the membrane and the produced water
has to be removed efficiently in order to avoid “flooding” in the porous catalyst layers that stop the
gas reactant from participating in the electrochemical process. The liquid water drainage performance
can be evaluated by monitoring the liquid water fraction inside the computational domain over time.
Furthermore, pressure loss is also an important parameter since it affects the efficiency of the fuel
cell system through the parasitic load and the mechanical integrity of the fuel cell stacks.
Additionally, suggestions for improvements in the flow field designs can also be made from the
simulation results. The contents of this thesis are organized and summarized as follows:
Chapter 1. This chapter provides an introduction to fuel cells, PEMFCs, and water management
challenges of PEMFCs as well as novel biomimetic flow field designs. Moreover, the VOF method
and its application in PEMFCs, and the dynamic contact angle are introduced. Furthermore, the
objectives and thesis outlines are also given in this chapter.
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Chapter 2. This chapter presents an investigation of the liquid water transport within a porous layer
and a symmetrical biomimetic flow field based on Murray’s law. The volume of fluid (VOF) method
is employed, and the dynamic contact angle (DCA) effects are also considered for better prediction
of water distribution. The water transport process and water distribution inside the porous layer and
flow field are obtained from the simulation results. Recommendations are given for this type of flow
field design based on the behaviors of liquid water in the porous layer and flow field.
Chapter 3. In general, nature-inspired designs show their prominent characteristics such as low
pressure drops and effective fluid distribution. Furthermore, those designs with branching
configurations similar to leaves allow more efficient water management, therefore, provide better
fuel cell performance than the conventional ones. The air-liquid water transport phenomena are
studied for the first time for a leaf-like biomimetic flow field design with a channel configuration
mimicking the branching of veins in leaves. The study is conducted using a 3D two-phase air-liquid
flows transient numerical simulation. The simulation utilizes the VOF method to track the gas-liquid
interface with the validated DCA model is implemented for better accuracy. A fundamental
understanding of the liquid water transportation behaviors inside this type of biomimetic flow field
is made. Observations such as the effect of the branching on the liquid water drainage could be used
for the improvement of flow field designs.
Chapter 4. This study investigates liquid water behaviors inside a leaf-like biomimetic flow field
based on Murray’s Law using at the cathode of a PEMFC. The investigation is conducted using a
computational simulation method utilizing the commercial software Ansys Fluent, in which the VOF
method is implemented for the three-dimensional, two-phase, unsteady flow simulation with the
application of the DCA model. The results are the general water transport process, the velocity, and
pressure distribution inside the biomimetic leaf-like flow field based on Murray’s Law.
Chapter 5. This chapter provides the conclusions and the main findings of the works presented in
this thesis. Additionally, suggestions and recommendations for future work are also proposed.
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CHAPTER 2
LIQUID WATER TRANSPORT IN PEMFC CATHODE WITH SYMMETRICAL
BIOMIMETIC FLOW FIELD DESIGN BASED ON MURRAY’S LAW

2.1 Introduction
The PEMFC has captured considerable attentions by its prominent characteristics: zero-emission
level, low operating temperature, fast start-up with high efficiency, high power density [1]. Despite
the promising prospect of PEMFCs, some challenges must be overcome before they can
successfully replace traditional energy systems. One of those challenges is that the efficiency of
the fuel cells can drop severely at certain operating conditions (such as high current output
scenario). In those conditions, the formation of "hot spots" or "flooding" in the Gas Diffusion Layer
(GDL) of the PEMFCs can significantly and negatively affect the fuel cell stability and durability
[2]. In order to enhance PEMFC performance, durability, and reliability, flow field studies are
necessary. Wu [3] gave a thorough review of two- and three-dimensional models on PEMFCs and
provided findings for improving transport behaviors and performance of PEMFCs. In which, liquid
water movement in non-traditional channel geometries and flow fields is one of the highlighted
areas that were mentioned. Wang et al. [4] also conducted a review on the PEMFC water
management that is based on some current methods including the improvement of the flow field
structure. Zhang et al. [5] and Kone et al. [6] gave their reviews on the 3D multiphase modeling
for water and thermal management, and the theoretical development of simulation models,
respectively.
As mentioned in the literature, a few numerical modeling techniques have been utilized for
PEMFCs in order to predict the complex two-phase flows in the flow field and GDL along with
the experimental approach. One of the commonly used models is the volume of fluid (VOF)
method [7]. A review was made by Ferreira et al. [8] for the application of the volume-of-fluid
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(VOF) method in the numerical simulations of two-phase flow in PEMFCs. The study [8] pointed
out that the VOF method has been used for a great variety of purposes in PEMFCs, one of those is
testing the effectiveness of novel flow field and GDL design. Furthermore, Ferreira et al. [9] also
presented a numerical model of a PEMFC with the 3D + 1D model. Golpaygan et al. [10] also
employed the VOF method to study the flow dynamics of water droplets in a single channel in a
3D multiphase isothermal flow numerical model. Moreover, Wu et al. [11] performed a 3D VOF
simulation of two-phase flow in a thin gas flow channel to investigate the wall contact angle's
impact on the two-phase interface, film thickness, and the pressure drop. The VOF method was
also used in the study of Lafmejani et al. [12] to simulate the gas-liquid flow through an
interdigitated anode flow field of a PEM water electrolysis cell. Ashrafi et al. [13] and Liu et. al
[14] used the VOF method for simulating the effects of gravity on the gas-liquid two-phase flow
by placing the flow field in different orientations. Furthermore, water droplet movement and slug
formation in serpentine mini channels were simulated by Carton et al. [15] by applying the VOF
method. Moreover, the VOF method was also used for investigating the effect of the channel crosssectional shape on gas-liquid two-phase flow in PEMFCs, mostly rectangle and trapezoid with
different open angles [7, 16–19].
Liquid behaviors in PEMFCs were investigated by Zhou et al. [20–25] using the VOF method to
simulate the process of liquid removal in multiple types of cathode designs. The method was
applied to investigate two-phase flow coupled with electrochemical reactions and water transport
through the membrane and heat and mass transfer for different cell and channel configurations [26–
28]. Since the model [26] requires excessive computational time and resources, a simplified
validated model [29], in which electrochemical reactions and heat transfer effects were neglect,
was used for simulating liquid behaviors of a serpentine channel and porous layer of PEMFCs.
The conventional flow field structures such as parallel, interdigitated, serpentine flow fields have
been widely used; nevertheless, researchers are still developing and improving new flow field
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designs. Challenges and issues in concepts and criteria of flow field designs were reviewed, and
suggested solutions were provided by Wang [30]. Manso et al. [31] also provided insight into the
influence of different geometric parameters of the multiple flow field and channel designs on the
PEMFC performance. Furthermore, Kahraman et al. [32] reviewed the analysis and modeling of
flow field configurations for PEMFC and provided guidelines as well as recommendations for
designing PEMFC flow field and stack configuration.
Since the main function of the flow field is to distribute reactants and evacuate the products, it
serves almost the same purpose as many of the living organisms' fluid distribution systems. The
biomimetic flow field is one of the latest novel promising designs based on the biological structure
in nature. The literature [33–35] showed that the bio-inspired designs could provide more uniform
gas distribution and reducing pressure drop in comparison with the conventional designs. Iranzo et
al. [36] also made a review of the design trends for the biomimetics flow field of PEMFCs. The
review [36] stated that leaf and lung-inspired designs are showing the most promising performance
improvements among the biomimetic flow field designs, and a CFD modeling considering liquid
water formation and transport is required for further understanding and development. Furthermore,
a study by Kloess et al. [37] proved that leaf and lung designs show performance improvement
from the conventional flow channel designs under the same condition. Moreover, researchers [38–
40] also used Murray’s Law to design a bio-inspired flow field as it offers a more uniform gas
distribution compared to standard flow field designs. Arvay et al. [38] and Ozden et al. [39]
presented various flow field designs based on Murray’s branching law. Currie [40] presented some
similar natural inspired Murray’s Law flow field designs in her thesis. The study [40] showed that
the designs offer a more uniform gas distribution compared to the conventional serpentine design.
So far, numerous studies on liquid water transport in the PEMFCs using conventional flow field
designs and biomimetic flow field designs have been performed. However, 3D two-phase
numerical simulations have not been conducted for any biomimetic flow field design based on
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Murray’s Law yet [40]. Therefore, the objective of this study is to investigate the liquid behaviors
inside a PEMFC cathode with this type of biomimetic flow field design.
In this chapter, a symmetrical leaf-like biomimetic configuration is designed by applying Murray's
Law inspiring from several studies [33, 40]. The results in the literature [33, 40] show that the
configuration has better pressure drop than the standard parallel and serpentine design, which is
advantageous for fuel cell operating performance. To give detailed and comprehensive views on
the liquid water transport behaviors in a PEMFC cathode using this flow field design, a 3D twophase numerical simulation is employed. The model employed in this paper is based on the
validated simplified version [29] of the general simulation model [26] and it does not account for
the electrochemical reactions and heat transfer in order to save computational time and computing
resources. The validated dynamic contact angle model [41] is also implemented in combination
with the simplified model [29] for better simulation of complex gas-liquid flow inside a PEMFC
cathode. The results are the predicted pressure drop, pressure, water, and velocity distribution for
the flow field design that are shown visually. From the results, the study provides a fundamental
understanding of the liquid flooding process and design suggestions for this type of PEMFC design.

2.2 Numerical model setup
2.2.1

Computational domain, boundary conditions, and simulation solver setup

Figure 2.1 shows the computational domain of a biomimetic flow field in a PEMFC cathode. The
flow field orientation is set vertically with the inlet on top and the outlet at the bottom. The leaflike biomimetic configuration is designed based on Murray's Law. The law has been found in many
structures of biological transport networks such as blood vessels, bronchial tubes, and leaf veins.
The idea is that the fluid transport systems obeyed the law to provide optimal fluid transport
capability with minimal energy dissipation. Murray’s branching law states that the cube of the
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radius of the parent branch 𝑟p should be equal to the sum of the cubes of the radii 𝑟d of the daughter
branches [42]:
𝑟p3 = 𝑟d31 + 𝑟d32 + ⋯ + 𝑟d3n

(2)

(a)
(b)
Figure 2.1. Computational domain for the symmetrical biomimetic flow field design based on
Murray’s Law (a) and the cross-section of the mesh at the inlet side (b).
The channels were designed with a constant depth (z-direction) of 0.8 mm. The daughter channels
have the same width of 0.8 mm to maintain a uniform velocity distribution within the channel. The
parent channel dimensions are calculated from the daughter channels width based on Murray’s
branching law. There are six daughter channels on each side with one main parent channel. The
ribs also have a width of 0.8 mm and a depth of 0.8 mm. The flow field is a square with a length
of 20 mm while the porous layer is 21.6 mm in length and 21.6 mm in width with a 0.3 mm
thickness. The porous layer connects directly to the flow field and has a porosity of 0.3. The inlet
channel and the outlet channel have a dimension of 1.6 mm width and 1.6 mm length with a 0.8
mm height.
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Table 2.1. Boundary conditions.
Boundary names
Liquid inlet
(Back surface of the porous layer)
Air inlet
Outlet
Flow field, inlet, and outlet channel
sidewall
Flow field upper wall
Porous layer walls

Type
Mass flow
inlet
Mass flow
inlet
Pressure
outlet
Wall

Descriptions
Mass flowrate:
1.331 × 10−4 kgs−1
Mass flow rate: 6.615 × 10−5 kgs−1
Air density: 1.225 kgm-3
Pressure: 1 atm

Wall
Wall

No-slip, initial contact angle: 43°
No-slip, initial contact angle: 130°

No-slip, initial contact angle: 53°

The boundary conditions with the parameters are listed in Table 2.1. The preliminary values of the
average current density of 1 Acm-2 and the O2 flow rate of 10 sccm cm-2 at about 2.5 times
stoichiometric at maximum current [43] are used. The accelerated model is implemented in order
to reduce the computational time without affecting the flow pattern of liquid water [25] since the
main subject of this study is the liquid water transport processes, especially the water accumulation
and flooding processes, inside the porous layer and the flow field. The contact angle and other
parameters are based on the validated VOF model from the study of Le et al. [29]. The dynamic
contact angle (DCA) model is used in the simulation with the contact angle adapts to the changing
contact line. Because the wall adhesion and surface tension have a significant influence on the gas
distribution and the surrounding gas flow around the droplets is unsteady, the DCA model has the
potential to provide greater accuracy for the simulation of two-phase PEMFC flow fields. Studies
on DCA applied simulation and experimental results [44] showed that the DCA method can predict
the liquid water distribution in the PEMFC flow fields better than that of using the static contact
angle (SCA). A user-defined function (UDF) code is employed in the simulation process for
applying the DCA boundary conditions.
Pressure based solver is used as it is applicable and traditionally used for incompressible flow
cases. For the Pressure-Velocity coupling scheme, which is for calculating the pressure and
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velocity field using an iterative procedure, the PISO (Pressure-Implicit with Splitting of Operator)
scheme is implemented for the simulation cases in this study. In the scheme, extra correction steps
are added (neighbor correction and skewness correction) in order to compensate for the limitation
of the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) scheme, which is that new
velocity and flux data do not satisfy the momentum balance after solving the pressure-correction.
Because of the addition corrections, it takes more computational effort in each iteration; However,
the number of iterations for convergence is greatly reduced, especially transient flow calculations.
Therefore, this Pressure-Velocity coupling scheme is highly recommended for transient cases [45].
The under-relaxation factors are kept as default with the sum of the momentum and pressure underrelaxation factors is 1 (0.3 for pressure and 0.7 for momentum). In ANSYS Fluent, the controlvolume-based technique is used with numerically solvable algebraic equations converted from a
general scalar transport equation. Therefore, a spatial discretization scheme is needed. The Least
Square Cell-Based method is chosen for computing the scalar values at cell faces, computing
secondary diffusion terms and velocity derivatives. This method has the same accuracy as the nodebased method (which both have much more accuracy than the cell-based method) but requires less
computational effort. The body force weighted scheme is used for pressure interpolation. The face
pressure is computed with the assumption that the difference between body forces and pressure has
a constant normal gradient. The scheme is also recommended for VOF calculations. For the
momentum discretization scheme, the second-order upwind scheme is chosen as it provides
reasonable stability. For the majority of flows, it produces good and better results than the firstorder upwind scheme [45]. The higher order schemes might provide more but not significantly
accurate results; However, they will increase computational time and be less stable. The explicit
scheme is used for time discretization with the geometric reconstruction scheme is chosen for
simulating the time-accurate transient behavior of the fluids when using the VOF method. The
piecewise-linear approach is used (assuming that an interface between the fluids is a linear slope
within a cell) for constructing the interface between fluids in the geometric reconstruction scheme.
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The scheme is supposed to be the most accurate in ANSYS Fluent for constructing the fluid
interface [45]. The chosen time step size is 1×10-6 s for keeping the Courant number low to ensure
calculation stability and reduce numerical error.

2.2.2

Computational methodology

The water transport phenomena inside a leaf-like biomimetic flow field with a porous layer are
investigated using the simulation of a three-dimensional, transient, two-phase flow. Air and water
are treated as a gaseous phase and a liquid phase, respectively. There is no mixture phase. The VOF
method is implemented to track the gas-liquid interface. The fluid flow is considered laminar due
to the low flow velocity and small size of the channels. In order to simplify the simulation, heat
transfer, electrochemistry reactions, and phase change are not considered in this simulation. The
simulation is carried out using the commercial software package ANSYS Fluent.
The following continuity and momentum equations are applied to represent the fluid transport
process for an unsteady and laminar flow model. The conservation equation is:
∂(𝜀𝜌)
+ ∇ · (𝜀𝜌𝑢
⃗ ) = 𝑆𝑐
∂𝑡

(3)

where 𝜀 is defined as the porosity of the porous media (in the gas flow channels 𝜀 = 1). In this
study, the mass source term 𝑆𝑐 equals zero as the change of phase is not considered in this model.
In the VOF model, the density 𝜌 and viscosity 𝜇 in a cell can be calculated from the density of
liquid phase 𝜌𝑙 and gaseous phase 𝜌𝑔 as well as the viscosity of the liquid phase 𝜇𝑙 and gaseous
phase 𝜇𝑔 as
𝜌 = 𝑠𝑙 𝜌𝑙 + 𝑠𝑔 𝜌𝑔

(4)

𝜇 = 𝑠𝑙 𝜇𝑙 + 𝑠𝑔 𝜇𝑔

(5)
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where 𝑠𝑙 is the volume fraction of the liquid phase and 𝑠𝑔 is the volume fraction of the gaseous
phase, with the total volume fraction of the two phases of 1.
The continuity equation for the volume fraction of liquid water obtained from equation (2) is:
∂(𝜀𝑠𝑙 𝜌𝑙 )
+ ∇ · (𝜀𝑠𝑙 𝜌𝑙 𝑢
⃗)= 0
∂𝑡

(6)

By solving the continuity equation (6) over the domain, the interface between gaseous and liquid
phases is identified in the VOF model. The volume fraction of gas can also be computed as the
total volume fraction of the two phases is 1.
A single momentum equation is used in the VOF model, which depends on the volume fractions
of gas and liquid water:
∂
(𝜀𝜌𝑢
⃗ ) + ∇ · (𝜀𝜌𝑢
⃗𝑢
⃗ ) = −𝜀∇𝑝 + ∇[𝜀𝜇𝛻𝑢
⃗ ] + 𝜀𝑆𝑚
∂𝑡

(7)

In equation (7), the source term 𝑆𝑚 , which is used for coupling the surface tension force and gravity
force into the model, can be expressed as equation (8). In order to smooth the interface in the VOF
model, the continuum surface force (CSF) method is implemented.

𝑆𝑚 = 𝜌𝑔 + 𝜒𝐾

𝜌𝛻𝑠𝑙
(𝜌𝑙 + 𝜌𝑔 )/2

(8)

where 𝜒 is the surface tension coefficient and 𝐾 is the curvature.

𝑆𝑚 = 𝜌𝑔 + 𝜒𝐾

𝜌𝛻𝑠𝑙
𝜇
− 𝑢
⃗
(𝜌𝑙 + 𝜌𝑔 )/2 𝛼

(9)

Equation (9) is used in the porous layer with 𝛼 is the permeability of the porous layer.
The dynamic contact angle 𝜃𝑑 is used in this model and calculated by the Hoffman function [41,
46, 47]:
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0.706
𝑥
𝑓Hoff (𝑥) = arccos {1 − 2 tanh [5.16 (
)
]}
1 + 1.31𝑥 0.99

(10)

−1
(𝜃𝑠 )]
𝜃𝑑 = 𝑓Hoff [Ca + 𝑓Hoff

(11)

where Ca is the capillary number. As a dimensionless quantity, Ca represents the relative impact
of viscous drag forces versus surface tension forces acting across an interface between two
immiscible fluids. The capillary number is defined as:

Ca =

𝜇𝑉
𝜎

(12)

where 𝜇 is the dynamic viscosity of the liquid, 𝑉 is a characteristic velocity and 𝜎 is the surface
tension or interfacial tension between the two fluid phases.
Then the dynamic contact angle 𝜃𝑑 , the unit vectors normal 𝑛̂𝑤 and tangential 𝑡̂𝑤 to the walls are
applied on the wall boundaries through the following equation to adjust the surface normal 𝑛̂:
𝑛̂ = 𝑛̂𝑤 cos 𝜃𝑑 + 𝑡̂𝑤 sin 𝜃𝑑

(13)

The VOF method applying those governing equations has been applied in the author group's
previous studies [44, 48, 49]. More detailed descriptions of the implemented method can be found
in [44, 49].

2.2.3

Grid independency

The grid size for this simulation is based on the validated PEMFC-related simulations performed
by Le et al. [28], where grid independence was performed and checked by increasing and
decreasing certain percentages of grid cells. Fig 1 (b) shows the cross-section of the mesh at the
inlet side. The element type is Hexahedral. The cell size is approximately 1.3×10−4 m in the X- and
Y-directions, whereas the dimensions in the z-direction are 6.66 × 10-5 m in the flow field domain
and 5 × 10−5 m in the porous layer domain. Using the mentioned cell size, the computational domain
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is meshed by 316,938 cells with a total volume of 3.2924 × 10-07 m3. The maximum volume of
cells is 3.9864 × 10-12 m3 and the minimum volume of cells is 1.072370 × 10-13 m3.

2.3 Simulation results and discussion
2.3.1

A general process of liquid water transport

The liquid water behaviors in the biomimetic flow field with a porous layer can be observed in
Figure 2.2. Liquid water is supplied through the surface of the porous layer while air is supplied
from the inlet, and the fluids then exit through the outlet channel. A general process of liquid water
transport behaviors can be broken down into distinct processes:
(1) Liquid water is supplied continuously corresponding to the liquid inlet boundary as shown
in Figure 2.1. The water generation from the electrochemical reactions is simulated by
using this boundary condition. Liquid water can be seen emerging from the porous layer
to the flow field at the outermost corner on the left and right of the flow field. After that,
liquid water appears in the top of the area below the inlet as seen in Figure 2.2 (a) and
Figure 2.2 (b), respectively.
(2) Liquid water migrates from the porous GDL to the flow field first at the upper half of the
second branch and lower part of the outermost branch while liquid water continues to flow
out stronger in the areas at the outermost corner and inlet as seen in Figure 2.2 (c).
(3) Liquid water then starts entering the flow field from the 90° turn corner of the rest of the
branches while the GDL continuing to be filled up as shown in Figure 2.2 (d).
(4) As shown in Figure 2.2 (e), all of the branches now have liquid water that emerged from
the porous GDL. The liquid water is flowing down to the outlet because of the airflow and
gravity force. The accumulated liquid water then exits the flow field via the outlet channel.
(5) It can be seen that water behaviors become more stable in the flow field. Liquid water
continues to flow down from all the branches to the outlet in the flow field and then flows
out the flow field via the outlet channel as seen in Figure 2.2 (f)-(h). The porous GDL
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keeps being filled up by the liquid water with some spots on the GDL edges that have not
been fully flooded yet as seen in Figure 2.2 (k).

(a)

(b)

(c)

(d)

(e)

(f)

(g)
(k)
(h)
Figure 2.2. General liquid water transport in the biomimetic flow field with a porous layer
at different time instants t = 0.15 s (a), 0.2 s (b), 0.25 s (c), 0.3 s (d), 0.35 s (e), 0.4 s (f),
0.45 s (g), 0.5 s (h) and 1 s (k).
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(a)

(b)

(c)
Figure 2.3. Cross-section positions (thick solid black lines) of the simulation model for observing
the liquid water emerging process placed vertically (a), horizontally (b), middle of the main and
outermost channel (c).

2.3.2

Liquid water emerging effects

The cross-sections of the computational domain and their position are shown in Figure 2.3 (a) and
Figure 2.4, respectively. Follow the mentioned boundary conditions, liquid water first emerges
evenly from the liquid inlet boundary (membrane-cathode interface) as shown in Figure 2.4 (a).
After that, the liquid water then continues to rise corresponding to the continuous supply of water
in the porous layer. In the cross-section connecting the air inlet and outlet, the liquid water is pushed
down at the area below the inlet due to the direct airflow from the inlet. Since the porous layer
periphery walls, which are the walls that surround the porous layer including the sidewalls and the
upper wall of the layer, are hydrophobic and repulsive to water, the liquid water does not
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accumulate on the porous layer sidewall as shown in Figure 2.4 (b)-(f). From Figure 2.4 (c), liquid
water can be seen to start emerging from the upper part of the second branch and the lower part of
the outermost branch first. The liquid water also builds up faster in the area under the flow field
channels than that under the bipolar ribs. The liquid water then quickly fills up the porous layer
and accumulates at the outlet (Figure 2.4 (c), (d)). After that, liquid water can be seen entering the
flow field from all the branches in Figure 2.4 (d). All the liquid water then flows out of the flow
field via the outlet channel as shown in Figure 2.4 (d)-(f). From Figure 2.4, it can be observed that
the ribs block the emerging of liquid water from the porous layer. After the liquid water presents
at all branches, the porous layer continues to be filled up as shown in Figure 2.4 (d-f). The solution
is expected to continue to evolve after the first 1 s. However, it is observed that the simulation
results at the time instants 0.5 s and 1 s do not have any significant change in the water transport
process as shown in Figure 2.2 and Figure 2.4. During this period, the liquid water is filling up
slowly in the porous layer. It can be predicted that it will keep doing so after the time instant 1 s
until the porous layer is completely flooded. Because the liquid mass flow at the inlet is constant,
the water transport behavior in the flow field is also not expected to have any significant changes.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.4. The liquid water emerging process can be seen from the cross-sections of the
simulation model at different time instants t = 0.1 s (a), 0.2 s (b), 0.3 s (c), 0.4 s (d), 0. 5 s (e), and
1 s (f).
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2.3.3

Liquid water transportation in the biomimetic flow field

The mass flow rates in the daughter branches at different time instants are shown in Figure 2.5 with
the branches are numbered from 1 to 6 corresponded from the outermost branch to the innermost
branch. The outermost branch (branch 1) has more flow rate than the inner ones since the airflow
from the inlet enters the flow field and directly trifurcates into three branches, which include the
main branch and the outermost branches. Because the innermost branch (branch 6) is bifurcated
instead of trifurcates, the mass flow rate of that branch is larger than the previous outer branch in
most of the time instants (t= 0.1 s, 0.2 s, 0.3 s, 0.4 s, 0.5 s). The mass flow rate of the later time
instants (t = 0.4 s, 0.5 s, 0.75 s, and 1 s) are larger than the initial ones (t= 0.1 s, 0.2 s, and 0.3 s) as
liquid water later presents on the flow field. It can be seen that liquid water migrates to the flow
field at around time instant t = 0.3 s since there are changes of the mass flow inside the branches.

Figure 2.5. Mass flow rate in the daughter branches at different time instants (t = 0.15 s, 0.2 s, 0.3
s, 0.4 s, 0.5 s, 0.75 s and 1 s).
Figure 2.6 is taken for observing the velocity distribution and the liquid water fraction in the main
channel at the inlet side of the computational domain. Figure 2.3 (b) shows the position of crosssections in Figure 2.6. On the main channel, a dual vortex can be observed along the channel from
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the inlet to the outlet as shown in Figure 2.6 (a)-(d). The vortex is strongest when it meets the first
trifurcation point, which is the junction where the branches trifurcated (for the second outermost
branches) before weakened significantly when meeting the bifurcation point, which is the junction
where the branches bifurcated, at the middle of the flow field. It attracts water on the first
branching, with more water rising at the region as shown in Figure 2.6 (a)-(b). One of the first
liquid water emerging points is in the area located right at the first branching as shown in Figure
2.6 (b). After that, liquid water can be seen rising on the sidewalls of the main channel according
to the direction of the dual vortex as shown in Figure 2.6 (c)-(d). Liquid water also can be seen
migrating from the porous layer to the other channel while the ribs block the way of emerging
water as shown in Figure 2.6 (d).
By observing the cross-sections shown in Figure 2.7, which is the interface between the porous and
the flow field with z = 0.0003 m, the velocity distribution can be seen along with the volume
fraction of water. Vortices can be observed on the inlet of the flow field when the flow enters
perpendicularly to the flow field plane and then comes into the branches. Strong vortices can also
be seen at the 90° turning point of the channel while the vortex intensity of each branch turning
point is decreasing from outward to inward as shown in Figure 2.7. The first emerging of liquid
water from the porous layer to the flow field is at the points that the vortices are strongest, which
are near the inlet and at areas after the bending points of the outermost branches as shown in Figure
2.7 (a). As shown in Figure 2.7 (a), (b), the droplets of liquid water from the first emerging points
move along the sidewall of the flow field toward the outlet due to the airflow and gravity direction
while adhering to the wall due to the adhesion effect. The same phenomena can be observed on a
single-serpentine PEMFC [49]. The liquid water first emerges noticeably at the upper part of the
second channel and then the lower part of the first channel as shown in Figure 2.7 (b). After that,
liquid water starts to emerge from the porous layer at the turning points of the other branches
(Figure 2.7 (c)). Liquid water emerges inside all the branches afterward (Figure 2.7 (d)). However,
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at the upper part of the main branch, liquid water hardly migrates from the porous layer due to the
dual vortex (Figure 2.7 (c), (d)). At the bending corner, it can be noticed that the liquid water is
also pushed inward due to the circulations at the sudden 90° turning points of the branches and
gravity force.

(b)

(a)

(d)
(c)
Figure 2.6. Cross-sections are perpendicular to the y-axis of the computational model for
observing the airflow and volume fraction of liquid water inside the main channel at different
time instants t = 0.2 s (a), 0.3 s (b), 0.4 s (c), 0.5 s (d).
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(a)

(b)

(d)
(c)
Figure 2.7. Cross-section at z = 0.0003 m, which is the interface between the porous layer and
flow field, shows the liquid water and velocity distribution at different time instants t = 0.25 s (a),
0.275 s (b), 0.3 s (c), 0.4 s (d).
Pressure and velocity distribution at the cross-section in the middle of the flow field (z = 0.0007
m) are shown in Figure 2.8. At the time instant t = 0.2 s (Figure 2.8 (a)), the lowest pressure areas
are located at the lower part of the outermost branch near the inlet. The second branch also has an
overall lower pressure than other branches. Those low-pressure areas are the locations that liquid
water first rises from the porous layer to the flow field. The pressure then increases and is
distributed more evenly in the flow field at the time instant t = 0.5 s (Figure 2.8 (b)). Circulations
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can be seen after the sudden turning bends of the branches corresponded to low-pressure spots that
water comes out first. The 90° elbow bends and other junctions with sharp edges create sudden
pressure loss in the daughter branches. It can be observed when investigating Figure 2.8 and Figure
2.7 together that the low-pressure zone attracts more water than the high-pressure zone, which is
why the water does not emerge evenly. It is predicted that the 90° smooth bends with rounded inner
and outer corners while maintaining uniform channel width will reduce the pressure drop
significantly while making a gradual change in flow direction [50]. By that, the pressure and water
distribution could be more even, which can minimize the hot spot and flooding in the GDL. A high
ratio of elbow radius to channel width gives low-pressure loss and an even fluid distribution;
However, a too large ratio of elbow radius to channel width could cause higher pressure drops due
to the increased flow length [51]. Moreover, rounding the edges for 90° smooth bends needs high
precision machining methods since their size is relatively small, which causes high fabrication
costs. Geometrical optimization could also be performed based on Murray’s branching law, which
could give a more even pressure distribution and minimize the pressure drop.
By investigating a cross-section in the middle of the main channel by the y-direction at the inlet
side as shown in Figure 2.9 (a), (c), (e) with its location shown in Figure 2.3 (c), the air from the
inlet can be seen flowing downward to the GDL-flow field interface. It makes the liquid water not
migrate from the porous layer into the flow field despite being fully flooded. Additionally, the
liquid water is pushed down by the strong flow of air from the inlet and can be seen rising quicker
on either side of the indentation. It is the reason that liquid water emerges first in that area.
At the cross-section of the outermost branch as shown in Figure 2.9 (b), (d), (f) with the location
shown in Figure 2.3 (c), the circulation can be observed. The airflow from the inlet pushes the
liquid water down, which makes the liquid stay trapped in the porous layer and creates a dead zone
there. After that, the air flows upward to create a circulation, which helps the water emerges easier
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from the porous layer. After the circulation, the air flows only in one direction toward the elbow
parallel with the XY plane.

(a)

(b)

Figure 2.8. Pressure and velocity distribution at the cross-section in the middle of the flow field
(z = 0.0007 m) at t = 0.2 s (a) and t = 0.5 s (b).

(a)

(b)

(c)

(d)

(e)
(f)
Figure 2.9. The cross-sections of the main channel (a), (c), (e), and outermost channel (b), (d), (f)
at the inlet side show the flow velocity and volume fraction of liquid water distribution.
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(b)

(a)

(c)
(d)
Figure 2.10. Contact angles can be observed at the upper wall of the porous layer and the
sidewall of the flow field at different time instants t = 0.25 s (a), 0.3 (b) 0.4 s (c), 0.5 s (d).

2.3.4

Contact angles at the porous layer periphery walls and flow field sidewall

Figure 2.10 shows the contact angles at the upper periphery wall of the porous layer and the
sidewall of the flow field. In comparison with Figure 2.2, the dynamic contact angles are affected
by the change of volume fraction and increase with respect to the movement of the liquid water
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contact line when it reaches the porous layer upper periphery wall and the flow field sidewall.
Therefore, the wettability of the wall becomes more hydrophobic in those contact areas. The
emerging of liquid water can be seen moving from the edges of the flow field to the edges of the
porous layer in Figure 2.10 (a)-(c). The contact angles on the top of the porous layer then return to
the initial value as liquid water nearly floods the layer at the time instant t = 1s (Figure 2.10 (d)).
The liquid water movement can be observed at the sidewall of the flow field near the outlet region
and the outlet channel since the liquid accumulates and exits the domain as shown in Figure 2.10
(c)-(d).

2.3.5

Liquid water amount and pressure over time

The liquid water amount and the percentage of the volume occupied by water inside the porous
layer and flow field over time are shown in Figure 2.11. From the beginning, the liquid water
amount rises linearly in the porous layer. The little amount of liquid water enters the flow field at
around 0.2 s; however, the liquid water presenting in the flow field increases significantly from
about 0.25 s. More liquid water present in the flow field means fewer water increases in the porous
layer as liquid water emerges from the porous layer to the flow field, then exits through the outlet
channel. It makes the slope of the increment of water in both the flow field and the porous layer
not as steep as before. The curves then become flattered over time because water drains through
the outlet and the liquid water transport phenomena become more stable.
The change of gauge pressure over time is shown in Figure 2.12 with the outlet gauge pressure
remains at zero as the reference pressure is held at 1 atm at the middle point of the outlet boundary.
It can be observed that the inlet pressure remains around 2000 Pa at the beginning. From around
0.2s, the inlet pressure begins to fluctuate due to the emerging of water to the flow fields and
draining out through the outlet. Then the inlet pressure starts to increase from around 0.25 s as
liquid water continues to take more space from the airflow inside the flow field. After that, the inlet
pressure curve becomes flattered corresponded to the mass of liquid water curves shown in Figure
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2.11. There is a small fluctuation caused by the dynamic behaviors of airflow and liquid water
inside the flow field and outlet channel. The liquid water transport phenomena do not change after
about 0.5 s.

Figure 2.11. Liquid water amount (kg) and the percentage of the volume occupied by water
inside the porous layer and flow field in the biomimetic model over time.

Figure 2.12. Gauge pressure (Pa) in the biomimetic model over time.
It can be observed that the pressure drop showed in Figure 2.12 and water accumulation in the flow
field shown in Figure 2.11 have the same trend. Because the increasing and accumulation of liquid
water in the flow field take portions of flow field volume, it affects the pressure drop. The buildup
of water inside the flow field, as well as the pressure drop through time, can be divided into three
main stages: the first stage with low pressure drops and no liquid water in the flow field, a second
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stage with a high rate of water accumulating inside the porous layer and flow field, the third stage
with a low rate of liquid water accumulation of water within the porous layer and flow field, and
the amount of liquid water, water distribution and pressure drop come to a roughly stable state. The
overall trend is similar to that of conventional serpentine designs [52].

2.4 Conclusion
The liquid water transport process is investigated for the first time for a symmetric biomimetic
flow field designed following Murray’s branching law. The computational domain includes the
flow field and a porous layer. The study is conducted by using a three-dimensional, two-phase flow
simulation based on the VOF method with the dynamic contact angle accounted for better
predictions of gas-liquid transport phenomena inside a PEMFC cathode. The liquid water and
airflow behaviors are investigated by studying the volume fraction, pressure, and velocity
distribution inside the simulation domain. Moreover, the movement of water along the flow field
and porous layer walls can be observed by the changes of the wall wettability represented by the
dynamic contact angle. The main observations are:
•

The bending areas attract liquid water first from the porous layer to the flow field in all
branches.

•

Those 90° elbow bends create sudden pressure jump points in the flow channels and disrupt
the distribution of pressure and airflow. Those disruptions can make the pressure
distribution less even, which leads to less even water emerging distribution. Those sharp
bends can be rounded to minimize the pressure change at the cost of the increase in
manufacturing cost. However, more investigation is needed to choose the appropriate ratio
of elbow radius to channel width.

•

Optimization could be performed based on Murray’s branching law to obtain better
geometries for the branches, which could give more even liquid water and pressure
distribution, and minimize the pressure drop.
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•

The strong vortex of the airflow from the inlet creates a zone in the main channel as the
water is trapped inside the porous layer.

The study gives a thorough understanding of the liquid water behaviors and liquid-air interaction
in a symmetric biomimetic flow field designed using Murray’s branching law.
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CHAPTER 3
AIR-LIQUID WATER TRANSPORT PHENOMENA IN A PROTON
EXCHANGE MEMBRANE FUEL CELL CATHODE WITH A LEAF-LIKE
FLOW FIELD DESIGN

3.1

Introduction

PEMFC performance and durability are affected greatly by the flow distribution inside the flow
field. From the literature [1–5], there are several criteria for designing a flow field to provide good
fuel cell performance: uniform reactants distribution, low pressure drop, effective water removal,
sufficient rib areas for electronic conductivity. Numerous flow field designs have been developed
to find the optimal one. Besides the conventional designs (serpentine, parallel, and interdigitated),
many innovational designs have been proposed along with many research efforts to find the most
efficient one. It includes non-planar [6–8], circular [9–11], porous [12, 13], fractal [14–16], pintype [17–19], biomimetic designs [20–23], and others [24–27]. Moreover, the design can be
improved by mixing, adjusting, and performing optimization on the dimensions and shape of the
channels and ribs [3].
The biomimetic design is one of the promising flow field design types. The designs are inspired by
the transport structures in nature such as leaves, lungs, and blood vessels. Their function is to
distribute fluid efficiently in biological systems, which is similar to the function of the bipolar
plates in fuel cells. Experiments related to the bipolar plates using biomimetic flow field designs
have been conducted and reported in recent studies [20, 28–30]. The electrochemical performance
and the water management characteristics of this type of flow field design have been measured to
validate the numerical models used in those studies. From the experimental and computational
results, it has been concluded that the biomimetic flow field fuel cells perform better than the
conventional ones.
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A comprehensive review of the biomimetic design trends for the PEMFCs has been made by Iranzo
et al. [21]. By analyzing the performance of the latest biomimetic designs, the study revealed that
the naturally inspired flow field designs have more efficient water management and higher
electrochemistry performance in comparison with the conventional designs. According to the
study, the leaf-based design is among the flow fields that show the most performance improvement.
The review also points out the need for experimental validation and state-of-the-art CFD modeling
considering liquid formation and transport. Among the biomimetic flow field designs, the leaf-like
flow field design with different branches was investigated by Chen et.al [31, 32] using one-phase,
steady flow numerical simulations. The water removal ability of the leaf-like design with multiple
branches was discussed in the studies. It is concluded that the location and number of branches of
the leaf-like flow field have a great influence on the discharge of water. Water removal ability is
better when increasing the number of branches. The studies predicted that the leaf-like design gives
a better overall performance as well as more uniform gas distribution, higher reactant consumption,
and current density, and better heat transfer compared with traditional parallel flow field design
[31, 32]. The branching angle and level of bifurcation of the leaf-like design were also investigated
by Damian-Ascencio et al. [33] using three-dimensional numerical modeling.
In order to be applicable in FCVs (Fuel cell vehicles) or other fuel cell products, the fuel cell should
be capable of operating under varying conditions in combination with suitable operation strategies.
In general, better flow field designs help improve reactant distributions and water management.
Furthermore, the cost of the bipolar plates accounts for 30% of the PEMFC stack [34]. Therefore,
an effective flow field design but not require costly and complex manufacturing methods is
necessary for the development and applicability of PEMFCs on vehicles or other applications. The
main advantage of the biomimetic flow field designs is the low-pressure drops and even reactants
and pressure distribution, which can help minimize flooding or drying of the membrane due to
short-term peak operations in FCVs.
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Water management is a challenge for designing and optimizing PEMFC systems. On one hand, the
membrane inside PEMFCs must be well hydrated to perform properly as a proton transporter. On
the other hand, too much water can cause flooding that gas cannot get in the MEA (Membrane
Electrode Assembly) and negatively affect fuel cell performance. Water condensation and
nonuniform reactant distribution can also cause blocking in the channels and reducing fuel cell
performance. In the other words, the performance and durability of PEMFCs are greatly reduced
by flooding and dehydration [35]. Therefore, the study of water management in the flow field has
been conducted by many researchers using numerical modeling methods along with experimental
validations [35].
Many researchers have been working on the two- and three-dimensional modeling of PEMFC flow
fields. However, to the best of the authors' knowledge, the investigation of liquid transport
phenomena has not been conducted on any leaf-like biomimetic flow field design using 3D twophase transient numerical simulations. Hence, the numerical methodology in our research group's
previous study [36] is employed to examine the fluid transport process inside a PEMFC cathode
using this type of flow field design. A leaf-like biomimetic configuration is designed by applying
the branching angle from the study of Damian-Ascencio et al. [33] and the leaf-like design inspired
by the study of Chen et al. [31]. The proposed design as shown in Figure 3.1 is supposed to have
good water removal and reactant distribution, and low-pressure drop based on the studies [31, 33].
Furthermore, according to the theoretical and experimental studies for biomimetic flow field
designs with leaf-like branching configurations [20, 28, 29, 31, 37], the designs give better water
management capabilities than the conventional ones, which helps increase fuel cell performance.
The expected results from the simulation are the liquid water, pressure, and velocity distribution
for the flow field design. As a result, the study provides overall and detailed views of the air-liquid
water transport phenomena within this type of PEMFC design.
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3.2 Numerical model setup
3.2.1

Computational domain and boundary conditions

Figure 3.1. A leaf-like biomimetic flow field design with a channel configuration mimicking the
branching of veins in leaves.
Figure 3.1 shows the computation domain of a biomimetic PEMFC cathode mimicking a leaf in
nature with different branches as channels. The computational domain is placed vertically with the
gravity acts along the diagonal of the flow field connecting the gas inlet channel and the outlet. It
has been proved that the orientation gives the best performance in comparison with others [38].
The biomimetic flow field is designed with multiple branches with an angle of bifurcation, which
is the angle between the straight channels and the sub-channels, of 37°. The branching angle is
chosen for being the most leaf vein resembled according to the survey performed by DamianAscencio et al. [33]. In the proposed flow field design, there is one main branch in the middle of
the flow field and straight branches along the flow field edges. Multiple straight branches in the
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flow field are connected by the sub-branches. The width and depth of the branches are 0.8 mm.
The ribs between the branch channels are also 0.8 mm in width. The square flow field has a length
of 20 mm. The dimensions of the inlet channel and the outlet channels are both 1.6 mm in width
and 1.6 mm in length with a height (z-direction) of 0.8 mm.
The square porous layer dimensions are 21.6 mm in both length and width with a thickness (zdirection) of 0.3 mm, and its porosity is 0.3. In a study by Wang et al. [39], various porosities (0.3,
0.5, 0.8) have been used for investigating the influence of the porosity of the porous layer on the
liquid water transport process. It has been observed that the liquid water transport phenomena are
similar for all three cases. However, the drainage time (the time that liquid water enters and exits
the computational domain) is different with different porosities. The larger the porosity is, the
longer it takes for water to be removed. Therefore, the porosity of 0.3 is chosen for the porous layer
in this study to accelerate the computation time without affecting the water transport phenomena.
Because of the complex fibrous structure of the GDL, there are several limitations and challenges
in the 3D multiphase simulation of the liquid transport behavior [40]. It includes the difficulty of
reconstructing the porous layer fibrous structure as geometric models and the requirement of
extensive computational time and resources for a full-scale 3D multiphase simulation of the
microstructure. Furthermore, this study focuses mainly on the general liquid transportation inside
the biomimetic flow field instead of the complex two-phase flows in the microstructure of the
porous layer. The validated VOF model is supposed to be sufficient enough for a general
visualization of the liquid water transport inside the flow field, i.e., how the flow field structure
effect the liquid behavior inside a PEMFC cathode. In other words, the study can provide a general
view on the effect of the flow field design on the pressure, and air velocity distribution inside the
computational domain, and also the liquid water transport behavior in a homogeneous porosity
GDL. Moreover, the porosity has a much greater influence on the permeability and tortuosity of
the GDL than the porosity heterogeneity [41]. Therefore, the GDL is treated as a porous media
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with uniform porosity. Theoretically, a momentum sink is added to the momentum equation in the
simulation model used in this study [42].
The boundary conditions for the simulation are the same as the study discussed in Chapter 2, which
are shown in Table 2.1. The accelerated model [43] is used for the liquid inlet generation rate to
speed up the calculation time as the main objective of this study is the fundamental liquid water
transportation behaviors inside the flow field. The air mass inlet flow rate is based on the study
[44]. In this study, the dynamic contact angle (DCA) model is also integrated with the initial contact
angles are obtained experimentally in the study by Le et al. [36]. Therefore, the contact angle in
the computational domain varies with the moving contact line between the liquid water and the
walls. The application of the DCA model is supposed to give a better prediction of the liquid water
behaviors inside the PEMFCs [45] since the DCA takes into account the wall adhesion and surface
tension effects on the fluid distribution.

3.2.2

Computational methodology

The investigation of water transport behaviors of the leaf-like biomimetic flow field with the
integrated porous layer is performed by implementing a three-dimensional, transient, two-phase
flow simulation. In this simulation, the air is the gaseous phase while water is the liquid phase, and
the two phases are immiscible. Moreover, the dynamic contact angle effect is implemented by
using a user-defined function. The flow is treated as laminar flow in the assumption that the flow
velocity is low as the size of the channel is small. The simplified model is used to neglect the heat
transfer, electrochemistry reactions, and phase change for decreasing computational complexity.
ANSYS Fluent software is used for conducting the simulation. The governing equations have been
introduced in section 2.2.2.
The validated dynamic contact angle (DCA) model has been discussed and validated with
experimental results [62], in which multiple experiments were carried out to study the droplet
impact on the horizontal and inclined surfaces [63, 64]. The validated DCA model was also
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integrated into the VOF method applied in the PEMFC cathode with a parallel design flow field
[46]. It showed promising results of the simulation of gas‐liquid transport phenomena in PEMFCs
using the DCA model when compared with experimental results. While the architecture of the flow
field looks intricating, the majority of the computational model (the walls of the flow fields and
porous layer) is flat inclined surfaces. Therefore, the application of the validated model is
reasonable.

3.2.3

Grid independency

The computational domain using for leaf-like biomimetic flow field design is meshed by 202,164
cells with a total volume of 3.987294 × 10-7 m3, and a maximum volume of 6.476376×10-12 m3,
and a minimum volume of 9.627959 × 10-14 m3. The cell size is 1.3 × 10−4 m in the X- and Ydirections, and 6.66 × 10-5 m for the flow field, and 5 × 10−5 m for the porous layer domains in the
Z-direction. The chosen grid size using for the simulation has been validated for independence in
the study of a PEMFC cathode simulation using the simplified model with experimental validation
[36]. In the study [36], different grid sizes are tested, and the simulation results and computational
time are compared to validate the grid independence.

3.3 Simulation results and discussion
3.3.1

Liquid water flooding general process

Figure 3.2 shows the liquid water transport phenomena in the biomimetic flow field in combination
with a porous layer. At the back surface of the porous layer, liquid water is supplied to the
computational domain and the air is provided from the inlet. After that, the liquid water and air exit
via the outlet. Series of processes are used for describing the liquid water flooding phenomena
inside the porous layer and the flow field:
(1) Liquid water is generated continuously according to the liquid inlet boundary for the
simulation of liquid water generated by electrochemical reactions as shown in Figure 3.1.
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As shown in Figure 3.2 (a), the liquid water is filling up in the porous layer from the liquid
water inlet.
(2) Liquid water then can be seen emerging first from the area in the middle main channel near
the outlet and then the area near the inlet as shown in Figure 3.2 (b)-(c).
(3) Then liquid water starts to emerge from the end of the sub-channels. The liquid water
emerges strongly at the area near the outlet and inlet as shown in Figure 3.2 (d).
(4) As shown in Figure 3.2 (e), liquid water emerges to the flow field at the corner and the
branching points between the branches. In the porous layer, liquid water also fills up to the
porous layer-flow field interface.
(5) Liquid water continues to fill up the porous layer, migrate and move as straight lines from
main channels and sub-channels as seen in Figure 3.2 (f).
(6) Liquid water emerges in all the channels. Liquid water can be seen flows out of the outlet
channel while the porous layer is almost filled while only the porous layer edges have not
been filled yet (from the time instant t = 0.4 s to t = 0.5 s as shown in Figure 3.2 (g), (h)).
(7) Forward to time instant t = 1 s (Figure 3.2 (k)), the flow phenomena are not changed
significantly, and the porous layer has not been filled up yet.
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Figure 3.2. General liquid water transport in the biomimetic flow field with a porous layer is
shown as the volume fraction of liquid water at different time instants t = 0.1 s (a), 0.15 s (b), 0.2
s (c), 0.25 s (d), 0.3 s (e), 0.35 s (f), 0.4 s (g), 0.5 s (h), and 1 s (k).

3.3.2

Liquid water emerging effects

Figure 3.4 shows cross-sections of the biomimetic flow field with a porous layer while Figure 3.3
shows their positions. Liquid water first emerges uniformly from the membrane-cathode interface
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due to the simulated boundary condition, as can be seen in Figure 3.4 (a). The liquid water then
continues to rise in the porous layer. In the middle cross-section, since there is a strong flow of air
from the inlet perpendicular to the flow field, it can be observed that the liquid water is pushed
down. Liquid water can be seen attracted to the flow field at the area near the outlet at the beginning
(t = 0.1 s) as shown in Figure 3.4 (a). After that, liquid water can be seen migrating to the flow
field first at the area near the outlet at the time instant t = 0.2 s (Figure 3.4 (b)). The ribs also block
the liquid water from emerging to the flow field from the porous layer.

Figure 3.3. Cross-section positions of the simulation model for observing the liquid water
emerging process.
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Figure 3.4. The liquid water emerging process can be seen from the cross-sections of the
simulation model respected to the volume fraction of liquid water at different cross-sections at
different time instants t = 0.1 s (a), 0.2 s (b), 0.3 s (c), 0.4 s (d), 0.5 s (e), and 1 s (f).

At the time instant t = 0.3 s (Figure 3.4 (c)), liquid water can be seen almost fill up the
porous layer and migrates to the flow field from multiple areas. Moreover, liquid water
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also accumulates at the outlet region. Subsequently, liquid water continues to fill up the
porous layer except for the area below the inlet and the porous layer walls. In the porous
layer wall, the influence of the wall adhesion can be seen since the wall is hydrophobic
and it repulses water. It causes the liquid water cannot be accumulated on the sidewalls of
the porous layer at the beginning as shown in Figure 3.4 (b)-(f). Liquid water can also be
seen present at all channel cross-sections and then accumulate at the outlet region and flow
out the outlet channel as seen in Figure 3.4 (e) (t = 0.5 s). Forward to the time t = 1 s (Figure
3.4 (f)), the water transport phenomena in the porous layer do not have any significant

changes.
3.3.3

Liquid water transportation in the biomimetic flow field

Liquid water and velocity distribution are shown in Figure 3.5, where the cross-section for
liquid water is at the porous layer - flow field interface. Additionally, Figure 3.6 shows a
cross-section in the middle of the flow field for observing the pressure distribution and
velocity distribution.
At the beginning t = 0.1 s, liquid water has not emerged from the flow field yet as shown in the
flow distribution in Figure 3.5 (a). The airflow is strong at the regions near the inlet and outlet
while strong circulation can be observed at the branching near the inlet, especially in the main
straight channels as can be seen in Figure 3.5 (a) and Figure 3.6 (a). At the region near the outlet,
strong airflow can be seen coming from the middle channel and two of the straight channels along
the edges of the flow field. Strong airflow causes strong circulations that are developed through
time at the intersection inside the outlet region as shown in Figure 3.7 (a)-(d). The pressure is
highest in the inlet region due to the strong incoming airflow. Inside the flow field, more than 75%
of the flow field area has the same pressure value. Furthermore, the pressure contour regions can
be seen having their values decreasing from the inlet to the outlet as seen in Figure 3.6 (a)-(f).
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Figure 3.5. Cross-section at z = 0.0003 m, which is the interface between the porous layer and
flow field, with the volume fraction of liquid water and velocity distribution at different time
instants t = 0.1 s (a), 0.2 s (b), 0.3 s (c), 0.4 s (d), 0.5 s (e), and 1 s (f).
At the time instant t = 0.2 s (Figure 3.5 (b)), liquid water can be seen emerging from the area on
the middle main branch near the inlet. The presence of water there causes the interruption of the
airflow in the middle main branch from the inlet to the outlet. As shown in Figure 3.6 (b), strong
circulation can be seen inside the outlet channel due to the intersection of two strong airflow from
the two straight channels along the flow field edges. The area of the high-pressure contour is
expanding with the average pressure is around 1.9 kPa. Some high-pressure spots can be seen at
the branching area from the second straight channel from outward. The high-pressure spots are
created from the reverse flow from the backward branching.
Move on to the time instant t = 0.3 (Figure 3.6 (c)), strong airflow from the inlet comes directly to
the straight main branches along the flow field edges makes the pressure become higher at those
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branches. Pressure can be seen increasing from the inlet toward the outlet with distinct four main
pressure regions, with red is the highest (around 2.2 kPa) and green is the lowest (lower than 0.8
kPa). As shown in Figure 3.5 (c), liquid water emerges from the porous layer to the flow field at
the region that has low pressure and circulations.

Figure 3.6. Cross-section at z = 0.0007 m, which is in the middle of the flow field, with the
pressure and velocity distribution at different time instants t = 0.1 s (a), 0.2 s (b), 0.3 s (c), 0.4 s
(d), 0.5 s (e), and 1 s (f).
The high-pressure region continues to expand, and the airflow still strongly flows toward the outlet
from the straight main branches at t = 0.4 s as shown in Figure 3.6 (d). It can be seen that the liquid
water emerges to the flow field at the branches that have low pressure (Figure 3.5 (d)). At the time
instance t = 0.5 s, the high-pressure area keeps expanding with more than 75% of the pressure
contour region is larger than 2.4 kPa (Figure 3.6 (e)). As shown in Figure 3.5 (e), liquid water is
appearing at all of the branches in the flow field except the second straight branch from outward.
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The volume fraction of liquid water inside the computation domain along with stream tracing at t
= 0.5 s is shown in Figure 3.8. It can be seen that the airflow from the inlet is trifurcated into the
main middle channel and the other two straight main channels along the edges. In the two main
channels along the flow field edges, the flow is bifurcated in two ways: along the edges toward the
outlet, and the second straight channel then flows further into the flow field via the sub-channels.

Figure 3.7. Zoom-in of cross-sections at the outlet region with z = 0.0004 m (close to the porous
layer-flow field interface) shows the volume fraction of liquid water and velocity distribution at
different time instants t = 0.1 s (a), 0.3 s (b), 0.4 s (c), and 0.5 s (d).
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Looking at the flow in the second straight branch from outward, it can be seen that the airflow
flows in reverse when meeting the backward branching. It causes strong circulations in that region.
Moreover, the strong airflow pushes the liquid water out and prevents liquid water from other
regions to enter that region. Furthermore, it creates a small dead zone caused by the high-velocity
airflow that keeps the liquid water stay trapped in the porous layer. The trapped liquid water can
cause potential flooding at the membrane under that area, which can negatively affect the PEMFC
performance and durability.

Figure 3.8. The volume fraction of liquid water inside the computation domain with stream
tracing for the velocities (white lines) with 5000 seed points created at the inlet boundary at t =
0.5 s.
The airflow can be seen having the highest velocity at the middle main channel and the channels
along the flow field edges, the same phenomenon was reported on a bio-inspired flow field design
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in a study by Ouellette et al. [20]. It might cause uneven reactant distributions, which leads to losses
and lower power densities [37]. However, the airflow also can be seen flowing diagonally through
the sub-channels, which connect the straight channels, toward the outlet instead of flowing straight
through the straight branches as can be seen in Figure 3.7 and Figure 3.8. In other words, the subchannels can cause diversion of the airflow producing disruptions, and circulations. As a result, it
can help improved fuel cell performance by facilitating the occurrence of more electrochemical
reactions. Furthermore, this biomimetic flow field design with the sub-channels also helps the air
be distributed evenly in the flow field with a uniform pressure field as can be seen in Figure 3.6
(b). Therefore, it can be concluded that the location and the branching angle of the sub-channels
connected to the straight channels have a great influence on the reactant distribution, water
management capabilities, and PEMFC performance. The conclusion well agrees with the study by
Chen et al. [31]. Moreover, Murray’s Law could be applied to calculate the channel dimensions
(the width and depth of the main branches and sub-branches) to achieve better water management
performance [29]. Another suggestion is that the main straight channel connecting the inlet and
outlet can be terminated near the outlet to divert the airflow to the region at the two sides of the
channel via the sub-channels. Thus, the air can be distributed more evenly and not be concentrated
on the main straight channels.
Forward to t = 1 s (Figure 3.5 (f) and Figure 3.6 (f)), the high-pressure contour area continues to
expand with a more even high-pressure region (around 2.2 kPa) while there still is a small area of
low pressure at the region near the outlet. It can be seen that the rate of high-pressure region
expansion at the time instant t = 1 s is lower than the first 0.5 s. Moreover, the water distribution
and transport phenomena do not have any significant change in comparison with t = 0.5 s (Figure
3.5 (e)).
As can be seen in Figure 3.5 and Figure 3.7, the liquid water can be seen emerging stronger at the
lower area near the outlet channel of the flow field while less liquid water presents near the inlet
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area. The reason is that the pressure at the region around the outlet is smaller than the rest of the
flow field (Figure 3.6), and the low-pressure region attracts liquid water more than the high one.
Liquid water can also be seen presented more at the trifurcation junctions (the branching points of
the straight channels to the subchannels), and the lower part of the middle straight main channel.
Since there are strong circulations in those areas due to the branching, which makes waterattracting low-pressure points. The liquid water transport phenomena are similar to the
visualization experimental results of a leaf-like biomimetic flow field design [37].

3.3.4

Water fraction and pressure distribution through time inside the middle main
channel

Liquid water, pressure, and velocity distribution at the cross-section of the middle main branch (x
= 0 m) is shown in Figure 3.9. In the flow field, the air flows from the inlet through the main
channel and others then exit through the outlet. As shown in Figure 3.9 (b), at the beginning (t =
0.1 s), the inlet has the highest pressure, and the outlet has the lowest while the pressure decreasing
unevenly along the main channel due to the branching. Observing the liquid water distribution in
Figure 3.9 (a), the water rises unevenly in the porous layer due to the influence of the uneven
airflow and the wall boundary effects. At the inlet side, the strong airflow pushes the water under
the inlet down while raises the liquid water nearby up. At the outlet side, the liquid water is also
raised at the contour line of the lowest pressure region since the lower pressure region attracts the
water from the higher-pressure region. As shown in t = 0.2 s (Figure 3.9 (c)), liquid water emerges
first at the two spots. Looking at the pressure distribution in Figure 3.9 (d), the pressure contour
lines are straight in the flow field while they are skew to the inlet direction in the porous layer due
to the presence of liquid water. The circulations of the airflow in the flow field near the inlet also
keep the pressure in that area temporally lower than the pressure in the porous layer.
At t = 0.3 s, the higher-pressure regions are expanding as shown in Figure 3.9 (f). Liquid water
almost fills up the porous layer as the waterline has reached the porous layer-flow field interface
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as shown in Figure 3.9 (e). Liquid water is pushed into the porous layer at the area under the inlet
due to the strong airflow from the inlet. It can also be noticed that droplets of liquid water rolling
down from the emerging point near the inlet to the outlet under the effect of gravity and airflow.
At the area near the outlet, liquid water can be seen accumulated toward the outlet. Despite the
effect of gravity and the direct airflow from the inlet, the water cannot accumulate at the wall
because of the strong airflow from the branches along the edges. Looking at the outlet region crosssection at z-plane as shown in Figure 3.7, the strong circulation can be observed at the intersection
of the two airflows from the two straight channels along the flow field edges. The circulation keeps
the liquid water out of that area under the outlet while making the pressure slightly higher than
other areas in that region, which makes the water be attracted to the lower pressure area next to
that. At the time instant t = 0.4 s (Figure 3.9 (h)), the pressure distribution is almost identical to
that at t = 0.2 s with pressure value is now higher as the high-pressure region keeps expanding. The
porous layer is fully flooded with liquid water except for the region under the inlet. It can be
observed in Figure 3.9 (g) that liquid water migrates from the porous layer to the flow field along
the length of the main channel cross-section. At the outlet, water continues to accumulate from all
the channels.
At t = 0.5 s (Figure 3.9 (l)), the pressure distribution is more even now. More liquid water emerges
from the porous layer to the flow field than before as shown in (Figure 3.9 (k)). The liquid water
then flows down and accumulates at the outlet region. Because of the strong circulation at the
outlet, liquid water can be seen flying out of the outlet instead of flowing out along the wall due to
gravity as expected. The phenomenon could help the liquid water exit the flow field faster.
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Figure 3.9. Cross-sections in the middle of the main channel (x = 0) by the y-direction show the
volume fraction of liquid water (a, c, e, g, k, m), pressure (b, d, f, h, l, n), and velocity
distribution at different time instants t = 0.1 s (a, b), 0.2 s (c, d), 0.3 s (e, f), 0.4 s (g, h), 0.5 s (k,
l), and 1 s (m, n).
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Fast forward to t = 1 s (Figure 3.9 (m)-(n)), the rate of expansion of the high pressure (red-region)
is slow down significantly. Liquid water continues to emerge to the flow field and flow toward the
outlet. Furthermore, the more water emerges from the porous layer to the flow field from all the
branches, the more water accumulates at the outlet. At the outlet, two spikes of liquid water can be
observed. Because of the increase of the liquid water weight fraction, the circulation cannot keep
the water from the outlet channel wall anymore. However, other amounts of liquid water from the
main channel and other branches are still under the effect of the circulation and continues to fly out
of the flow field toward the outlet boundary.

3.3.5

Contact angles at the upper wall of the porous layer and the sidewall of the
flow field

The contact angles at the porous layer upper wall and the flow field sidewall are shown in Figure
3.10. It can be seen that the contact angles of the porous layer upper wall and the flow field sidewall
do not change from the initial values (130° and 53°). The reason is that the liquid water has not
met the upper wall of the porous layer and presents in the flow field yet at the beginning as shown
in Figure 3.10 (a). The contact angles start to change first at the corner of the flow field at t = 0.2 s
(Figure 3.10 (b)). The water floods the porous layer and the change of the contact angles of the
upper wall can be observed in Figure 3.10 (b)-(f) from the edges of the flow field to the edges of
the porous layer.
The dynamic contact angles are affected by the change of the volume fraction which is shown in
Figure 3.2. The increase of the contact angle is due to the change of volume fraction when liquid
water reaches the porous layer upper wall. The liquid water contact line on the porous layer upper
wall can be observed moving from the flow field edges to the porous layer edges as shown in
Figure 3.10 (b)-(e). The contact angles in the top wall of the porous layer return to the initial value
as shown in Figure 3.10 (f) since the porous layer is nearly flooded. By observing the contact angle
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of the flow field sidewall, the liquid water movement can be tracked. The phenomena of liquid
accumulating and exiting the domain in the outlet region are shown in Figure 3.10 (e)-(f).

Figure 3.10. Contact angles can be observed at the porous layer upper wall and the flow field
sidewall at different time instants t = 0.1 s (a), 0.2 s (b), 0.3 s (c), 0.4 s (d), 0.5 s (e), and 1 s (f).

3.3.6

Liquid water amount inside the computational domain and pressure over time

The liquid water amount in the flow field, porous layer, and outlet zone over time are shown in
Figure 3.11. It can be observed that the liquid water amount rises linearly in the porous layer at
first. The liquid water enters the flow field first at around 0.2 s. After that, the slope is increasing
as water emerges from the porous layer to the flow field. Since the liquid water emerges from the
porous layer to the flow field and then exits through the outlet channel, the line of water amount
inside of the porous layer is less steep. The porous layer also becomes full because of the
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continuous supply of liquid water. After a while, the lines become flatten since the liquid transport
behaviors inside the porous layer and flow field become stable.
The inlet and outlet gauge pressures over time are shown in Figure 3.12. For the outlet gauge
pressure, it is zero since the reference pressure point is placed at the middle of the outlet boundary
to measure the flow field pressure drop. The inlet pressure remains slightly above 2.5 kPa at the
beginning. Then, it begins to fluctuate after around 0.2s. It is due to the liquid water migrating to
the flow fields. Around 0.25 s, the inlet pressure increases corresponding to the increase of liquid
water migrating from the porous layer to the flow field. After that, the inlet pressure fluctuates
greatly with an average value of about 3.25 kPa since the water flows out of the outlet channel
ununiformly as described in previous sections. However, the pressure drop is not increasing
anymore as the mass of liquid water curves is flattened after t = 0.4 s as shown in Figure 3.11.
From both figures, it can be concluded the liquid water transport phenomena do not have any

significant changes after 0.5 s.

Figure 3.11. Liquid water amount (kg) over time.
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Figure 3.12. Pressure drop (Pa) over time.

3.3.7

Conclusion

Air-liquid water transport phenomena in a biomimetic flow field designed with a leaf-like
configuration are studied for the first time using multiphase simulation. The computational domain
consists of the flow field and a porous layer. The numerical simulations are conducted based on a
three-dimensional two-phase flow unsteady model using the VOF method. In this study, the effects
of the dynamic contact angles are also accounted for to achieve better simulation accuracy using
the validated DCA model. The fluids transport process inside a PEMFC cathode is investigated by
studying the liquid water, pressure, and velocity distribution. The main findings are:
•

The pressure is distributed in the flow field with the pressure decreases from the inlet to
the outlet, which makes the liquid water presents more in the region near the outlet. The
same behavior is observed in the experimental result [4].

•

The airflow has the highest velocity in the main channels and the channels along the flow
field edges. The airflow then heads to the outlet diagonally via the sub-channels instead of
following the straight channels.
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•

The sub-channels help the reactant be distributed evenly in the flow field except for the
main channels. They also create diversion and disruptions, which can promote
electrochemical reactions and enhance fuel cell performance.

•

The branching angle and location of sub-channels connecting the straight channels affect
the reactant distribution and water management capabilities inside the flow field, which
greatly impact PEMFC performance.

•

The strong flow from the straight channels along the edges intersected at the outlet causes
strong circulation and disruption in that region, which is the reason for the fluctuation of
the flow field pressure drop. It could promote the water flow out of the flow field faster.

From the study findings, optimization can be performed on the geometry parameters (including the
width and depth of the channels and the branching angle) of this type of flow field to obtain higher
PEMFC performance. Murray’s law can also be applied as a mathematical relationship description
of the branches' width and depth to achieve better water management capability.
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CHAPTER 4
INVESTIGATION OF LIQUID WATER BEHAVIORS INSIDE A PEMFC
CATHODE WITH A LEAF-LIKE BIOMIMETIC FLOW FIELD DESIGN
BASED ON MURRAY’S LAW

4.1

Introduction

Fuel cell performance is affected greatly by the supply and removal of the reactant and the reaction
product, respectively. Therefore, optimal water management has been a key factor for achieving
the high performance and durability of PEMFCs. Ijaodola et al. [1] presented a review of recent
studies of water management in PEMFCs. The study stressed that the efficiency of the cell could
be greatly improved by improving the design of the flow field. In order to achieve high durability
and reliability, the design of the flow field should enable a uniform flow distribution and has a low
pressure drop as a high pressure drop can cause high mechanical stress on the fuel cell structure
and uneven flow distribution [2]. As a result, many research efforts have been put into the design
of the flow field with a focus on the water removal capabilities of PEMFC cathodes.
Sauermoser et al. [3] gave a detailed literature review for the design of the flow field patterns. From
the study, the biomimetic design shows its advantages in comparison with the conventional
serpentine and parallel designs in terms of uniform gas distribution and low pressure drop. Unlike
the conventional flow field designs, the biomimetic or so-called natural inspired designs are created
with inspiration from natural fluid distribution systems inside living organisms such as animals or
plants. It comes from the fact that those systems have been improving through millions of years of
evolution for optimal fluid distribution efficiency. Iranzo et al. [4] provided a detailed review of
the design trends of PEMFC biomimetic flow fields, multiple aspects such as the cell performance
reported from simulation and experiments for each design and manufacturing problems were
discussed. The biomimetic designs could be categorized into groups as fractal designs [5–7], leaf-
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like designs [8–12], lung-like designs [13–16], sponges [17, 18], and others [19, 20]. Among the
biomimetic designs, leaf- and lung-like designs show the most performance enhancement
comparing to the conventional designs [4]. The most popular relationship is commonly used in
biomimetic design and optimization is Murray’s Law [3, 21, 22]. The law expresses the fluid
system configurations that are often found in biological circulatory systems such as leaf veins or
bronchi. The law is then applied for determining the geometry of the novel flow field designs,
mostly on the leaf-like designs [4].
In order to design and simulate PEMFCs, computational fluid dynamics (CFDs) is widely used.
CFD models are implemented for simulating from a single flow channel, a complete flow field, a
cell to a stack. Furthermore, the CFD model could be one-, two- or three-dimensional, single-phase
or multiphase, and isothermal or non-isothermal [23]. By utilizing three-dimensional and
multiphase CFD models, researchers can examine the water transport and heat transfer phenomena
in the PEMFCs. Zhang et al. [24] gave a thorough review of the recent applications of the 3D
multiphase models on the study of water and thermal management of the PEMFCs. The study
suggested that further improvement on the performance, durability, and cost reduction of PEMFCs
can be done by utilizing 3D multiphase CFD simulations for evaluating novel flow field designs
without conducting costly and complex experiments. The volume of fluid (VOF) method is widely
used for simulating two-phase flow in the flow field and the gas diffusion layer (GDL). The method
is implemented in PEMFC simulations for tracking the interfaces of two-phase flow [25]. It allows
researchers to study the liquid and air transport phenomena in fuel cell components such as the
membrane electrode assemblies (MEA) and flow field. A general computational model of PEMFCs
developed by Le and Zhou [26], in which the 3D two-phase flow simulation is coupled with the
electrochemistry reactions and heat transfer, is considered as state-of-the-art for PEMFCs
simulation. However, due to the long computation time and high computational cost, the
electrochemistry reactions and heat transfer neglected model was developed for simulating the
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liquid behaviors inside the cell flow field and gas diffusion layer of several flow field designs [27,
28]. Moreover, the simplified model was also validated by experimental methods [28, 29]. A
numerical study of liquid water behavior inside a PEMFC cathode with a symmetrical Murray’s
Law-based configuration is also conducted using the VOF method in which the model for dynamic
contact angle (DCA) is implemented [30].
In this study, a leaf-like biomimetic Murray’s law implemented design is created with inspiration
from previous studies [31, 32]. From those studies, the design shows its potential for fuel cell
performance improvement in real-life applications. In the simulations conducted by Currie [31],
the design provides a more even current density distribution than the conventional parallel design.
Moreover, based on the experimental studies by Ozden et al. [32], the use of the flow field design
on the cathode increases the overall fuel cell performance in comparison with the conventional
serpentine design. However, in those studies, liquid water transport phenomena have not been
investigated yet, and it is suggested that an in-depth examination is needed. Therefore, the 3D twophase numerical simulation is applied in order to investigate the water, pressure, and velocity
distribution inside the flow field and the porous GDL in this study. The objective of this study is
to give a detailed and comprehensive understanding of the liquid transport behaviors inside
PEMFCs cathode using a leaf-like biomimetic Murray’s law implemented flow field design.

4.2 Numerical model setup
4.2.1

Flow field geometry, computational domain, and boundary conditions

For the geometry of this flow field, the dimensions of the branches are driven by Murray’s Law.
Equation (2) introduced in Chapter 2 is used for calculating the dimensions of the flow field. From
the study of Kizilova [21], the exponent of three in Equation (2) is taken since most of the plant
leaves obey Murray’s Law at this number to maintain a constant level of shear stress at the vein
wall. The flow field includes a straight main channel connecting the air inlet to the outlet. Along
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the main channel, the daughter branches are bifurcated with the main channel dimension obeying
Murray’s Law. A constant depth of 0.8 mm is used for all the channels. The fluid from the daughter
branches then accumulates to the lower peripheral channels along the edges at the lower part of the
flow field. The channels along the lower edges are also design based on Murray’s Law. A 0.8 mm
width and a 0.8 mm depth are maintained for all the ribs. The flow field has a width and length of
20 mm. The porous layer is integrated into the computational domain and has a dimension of 21.6
mm in both length and width with a thickness of 0.3 mm. The simulated porous GDL is 0.3 in
porosity. For the inlet and the outlet channels, the dimension of 1.6 mm for both width and length
with a height of 0.8 mm is used. The computational domain is shown in Figure 1 where the gravity
vector is placed parallel to the main channel with the direction from the inlet to the outlet for
optimal performance [33]. The boundary condition for the computational domain is the same as
the study presented in Chapter 2 as shown in Table 2.1.
The grid size used in this study is taken from the validated PEMFC-related simulations by Le et al.
[27], in which the grid independence was achieved by changing the grid cells by the percentage.
The computational domain for the leaf-like biomimetic Murray’s law implemented flow field
model has 346,740 cells and a total volume of 3.409048 × 10-07 m3, maximum and minimum
volume are 2.418485 × 10-12 m3 and 1.763112 × 10-13 m3, respectively. The cell size for X- and Ydirections is 1.3 × 10−4 m while the dimensions in the z-direction are approximately 5 × 10−5 in the
flow field, porous layer, inlet, and outlet channel domains.
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Figure 4.1. Computational domain including a flow field and a porous layer.

4.2.2

Mathematical Models

The VOF method with the DCA model implemented for the investigation of liquid transport in
PEMFC cathode is introduced and discussed in the other studies by the author's research group [30,
34]. The same equations and the full computational methodology used in this study are reported
and can be found in section 2.2.2. To provide further details and explanation, the main governing
equations are summarized in Table 4.1. In the VOF method, equation (7) is the general momentum
equation used for both gaseous and liquid phases, where 𝜀 is the porosity, 𝜌 is the density, 𝜇 is the
viscosity and 𝑆𝑚 is the source term [35]. In equation (7), the first term and second term on the lefthand side represent the momentum change through time and the advection momentum flux,
respectively. On the right-hand side, the first and second terms are the momentum imparted due to
pressure and viscosity, respectively [27]. The source term 𝑆𝑚 introduces the gravity force 𝜌𝑔 and
surface tension into the model, in which the continuum surface force (CFS) model [36] is applied
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in the form of equations (8) and (9). They are for the implementation of surface tension for
smoothing the liquid-gas interface, where 𝜒 is the surface tension coefficient, and 𝜅 is the surface
𝑛

curvature. The curvature 𝜅 is calculated from the surface normal 𝑛 as 𝜅 = ∇ · 𝑛̂, where 𝑛̂ = |𝑛|
[37]. The density ratio is used for improving the CFS surface modelling capability. It shows that
the surface tension source term is proportional to the average density within a cell. In the case of
𝜇

the porous layer, the third term (− 𝛼 𝑢
⃗ ) is introduced as the momentum resistant source due to the
viscous effect (Darcy drag force) with 𝛼 is the permeability as shown in equation (9).
As the liquid water inside PEMFCs, in reality, is continuously changing and evolving due to the
inflow of air, the creation of water due to the electrochemical reactions, and gravity force, the
dynamic contact angle (DCA) calculation is applied in this simulation model. The dynamic contact
−1
angle is determined (equation (11)) with Ca as the capillary number and 𝑓Hoff
is the inverse of the

Hoffman function (equation 10) based on the static contact angle 𝜃𝑠 [38]. The surface normal vector
𝑛̂ is then calculated using equation (12) based on the dynamic contact angle 𝜃𝑑 as the wall boundary
condition, the unit vectors normal 𝑛̂𝑤 and tangential 𝑡̂𝑤 to the wall.
Table 4.1. The governing equations in the used mathematical model.

The momentum
equation

The source terms

Hoffman function
Dynamic contact angle
The surface normal
vector

Volume of fluid method
𝜕
(𝜀𝜌𝑢
(7)
⃗ ) + ∇ · (𝜀𝜌𝑢
⃗𝑢
⃗ ) = −𝜀∇𝑝 + ∇[𝜀𝜇∇𝑢
⃗ ] + 𝜀𝑆𝑚
𝜕𝑡
𝜌∇𝑠𝑙
(8)
𝑆𝑚 = 𝜌𝑔 + 𝜒𝜅
(𝜌𝑙 + 𝜌𝑔 )/2
𝜌∇𝑠𝑙
𝜇
(9)
𝑆𝑚 = 𝜌𝑔 + 𝜒𝜅
− 𝑢
⃗
(𝜌𝑙 + 𝜌𝑔 )/2 𝛼
(for porous layer)
Dynamic contact angle model
0.706
𝑥
𝑓Hoff (𝑥) = arccos {1 − 2 tanh [5.16 (
)
]} (10)
1 + 1.31𝑥 0.99
−1
(𝜃𝑠 )]
(11)
𝜃𝑑 = 𝑓Hoff [Ca + 𝑓Hoff
𝑛̂ = 𝑛̂𝑤 cos 𝜃𝑑 + 𝑡̂𝑤 sin 𝜃𝑑
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(12)

4.3 Simulation results and discussion
4.3.1

A general liquid water transport process

The liquid water behaviors in the computational domain are shown in Figure 4.2. Liquid water is
continuously generated according to the liquid inlet boundary. From the inlet, the air is supplied
according to the air inlet boundary. The liquid water and air then leave the computational domain
via the outlet boundary. A general water removal process can be generally described as:
(1) Liquid water is provided from the back of the porous layer according to the liquid inlet
boundary (Figure 4.1) assuming that liquid water is generated continuously by
electrochemistry reactions. From Figure 4.2 (a), liquid water can be seen rising in the
porous layer at the beginning.
(2) At first, the liquid water rises fast from under the main channel near the outlet, near an
inlet, and two corners of the flow field (circled in red) from the time instant t = 0.2 s as
shown in Figure 4.2 (b).

(3) Liquid water then raising rapidly under the second daughter branches of the flow field
from the outermost while liquid water first emerges to the flow field from the area near the
inlet, outlet, and two corners of the flow field (circled in red) as shown in Figure 4.2 (c)
at the time instant t = 0.25 s.
(4) Liquid water continues to emerge from the porous layer to the channels of the flow field
on the inlet side of the main channel connecting the air inlet and the outlet (circled in
black). At the same time, the liquid water emerging in the second daughter branches flows
to the outlet via the lower peripheral channels as shown in Figure 4.2 (d) at the time instant
t = 0.3 s.
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(5) Liquid water then migrates from the porous layer to the flow field via other daughter
branches in the order from the third nearest to the furthest channels from the inlet while
less liquid water presents in the upper peripheral channels (the channels along the flow
field upper edges) at the time around t = 0.35 s (Figure 4.2 (e)).

(6) The upper peripheral channels are the last channels that liquid water emerges. All liquid
water then flows to the lower peripheral channels along the lower edges, accumulates, and
exits through the outlet channel at the time instant t = 0.4 s (Figure 4.2 (f)). Inside the
porous layer, liquid water fills up unevenly. Based on the water fraction as shown in Figure

4.2 (d)-(f), the liquid water fills up inside the porous layer last at its edges.
(7) Liquid water flows out of the outlet channel, and the porous layer is almost filled with
liquid water except for its edges at the time instant t = 0.5 s (Figure 4.2 (h). Fast forward
to t = 1 s (Figure 4.2 (k)), the liquid water behaviors do not change significantly and the
porous layer is still not filled up yet at its edges and the areas between the channels under
the ribs.
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Figure 4.2. Liquid transport phenomena are investigated by observing the volume fraction of
liquid water in the computational domain at different time instants.
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4.4 The process of liquid water rising in the computational domain
The locations of the cross-sections of the computational domain are shown in Figure 4.3 (a), and
the volume fraction inside those cross-sections at different time instants are shown in Figure 4.4.
In the middle cross-section shown in Figure 4.4 (a), (b), the liquid water is pressed down at the
inlet region since the inlet airflow is strong, which is perpendicular to the flow field. Liquid water
can be seen migrating from the porous layer to the flow field inside the channels as shown in Figure
4.4 (c). In general, the liquid water fill-up rate is lower under the ribs than the channels. As shown
in Figure 4.4 (c), (d), the liquid water is prevented from emerging to the flow field because of the
ribs while liquid water almost fills up the porous layer. In the other words, the airflow inside the
channels attracts the liquid water from the porous layer. Liquid water is accumulating at the outlet
after emerging from the porous layer and moving in the flow field.

Figure 4.3. Position of the cross-sections used for the investigation of liquid water emerging
process inside the computational domains with multiple vertical slides (a) and at the main and the
upper peripheral channel (b).
As shown in Figure 4.4 (a)-(d), the liquid water does not “touch” the porous layer sidewalls from
the beginning due to the effect of wall adhesion. Since the walls become hydrophobic, it makes the
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walls resist the liquid water. From Figure 4.4 (c), it can be seen that liquid water presents at all
flow field channel cross-sections with less liquid water present in the inlet side of the main channel
and the upper peripheral channels than the daughter branches. Liquid water accumulates and flows
out of the computational domain via the outlet channel as shown in Figure 4.4 (c), (d). Forward to
the time instant t = 1s (Figure 4.4 (d)), the porous layer is almost full of liquid water except for
some areas under the ribs and porous layer walls while no significant changes of liquid water
behaviors occurred.

Figure 4.4. Observation of the liquid water volume fraction at different time instants in the
computational domain.
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4.4.1

Liquid water emerging and transport process in the flow field

Figure 4.5 shows the mass flow rate of the fluids in both phases (liquid and gaseous) with the
daughter branches are numbered from the nearest (the longest channel) to the furthest (the shortest
channel) from the inlet on one side of the symmetric flow field at t = 1 s. The mass flow rates are
recorded at the cross-sections perpendicular to the branch walls. The cross-sections are placed in
the middle of the daughter branches. From Figure 4.5, it can be seen that the nearest inlet branch
(the upper peripheral channel) has the highest mass flow rate since the air from the inlet directly
goes to the branch without traveling through the main channel first like the daughter branches.
Furthermore, the mass flow rate is decreasing in the other branches when they are placed further
from the inlet; However, the differences are not significant between the branches except the nearest
and furthest branches from the inlet. The increase of mass flow rate in the branches near the outlet
occurs because the length of the branches becomes significantly shorter as seen in Figure 1.1.

Figure 4.5. The mass flowrate of all fluids inside the daughter branches numbered from the inlet
to the outlet of the flow field at the time instant t = 1 s.
Liquid water, velocity, and pressure distribution are shown in Figure 4.6. The cross-section for
investigating the emerging and transport behaviors of liquid water as well as velocity distribution
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(Figure 4.6 (a), (b), (c), (h)) is close to the porous layer-flow field interface, and the pressure
distribution cross-section (Figure 4.6 (d), (e), (f), (k)) is taken at the flow field middle plane. At the
beginning t = 0.1 s (Figure 4.6 (a)), there is no liquid water in the flow field yet. From the velocity
distribution (Figure 4.6 (a)), the airflow is strongest at the main channel streaming directly from
the inlet to the outlet, and the air also flows more rapidly in the upper and lower peripheral channels
along the edges than the daughter branches. Looking at the pressure distribution at t = 0.1 s (Figure
4.6 (d)), the upper peripheral channels have the highest pressure while the pressure values in other
branches decrease gradually from the inlet to the outlet since the upper peripheral channels are
connected directly with the air inlet channel. At t = 0.3 s (Figure 4.6 (b), (e)), liquid water emerges
at the second daughter branches and flowing down through the channels along the flow field edges
to the outlet. Liquid water also emerges near the sidewalls in the region at the inlet side of the main
channel. Additionally, pressure can be seen increasing in the daughter branches near the inlet.
At t = 0.4 s (Figure 4.6 (c), (f)), liquid water presents in all the branches inside the flow field except
some areas near the inlet of the upper peripheral channels, the middle of the main channel, and the
flow field edge corners. Looking at the pressure contour, the high-pressure area is expanding as
more daughter branches near the outlet have a higher pressure than that of t = 0.3 s as shown in
Figure 4.6 (e). Furthermore, the pressure in the upper peripheral channels is as high as the pressure
inside the inlet channel. Fast forward to the time instant t = 1 s (Figure 4.6 (h), (k)), the liquid water
behaviors do not change in comparison with that of t = 0.4 s (Figure 4.6 (f)); However, pressure
continues to rise inside the flow field. Besides, the highest pressure is in the upper peripheral
channels while the lowest pressure is in the area near the outlet. It can be observed in Figure 4.5
and Figure 4.6 (a), (b) that the velocity distribution is uniform in the daughter channels except for
the channels that directly connect the inlet to the outlet, which have significantly higher air velocity
values. As seen in Figure 4.6 (b), (c), (h), the airflow is obstructed by the presents of liquid water
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emerging from the porous layer since the cross-section is taken close to the flow field-porous layer
interface.
In general, it can be seen in Figure 4.6 that the air rapidly flows through the main channels from
the inlet to the outlet while less air flows through the daughter branches. The airflow, pressure, and
liquid water are also distributed symmetrically inside the flow field. The same phenomena are
observed in the experiments conducted by Liu et al. [33]. The low-pressure region locates near the
outlet attracting more liquid water from the porous layer than the high-pressure region near the
inlet, and the liquid water also flows down from the upper part under the effect of gravity;
Therefore, more liquid water is observed at the lower part than the upper part of the flow field. The
observed drawback of this flow field design is that the air prefers to travel through the main channel
and upper peripheral channels rather than the daughter branches, which can cause insufficient and
uneven water drainage of liquid water in those regions. It might cause local flooding, which leads
to uneven current density distribution and the degradation of the membrane. An asymmetrical
arrangement of the daughter branches might help to divert more of the air to the daughter branches
from the main channel and help to remove the liquid water quicker and could potentially provide
better performance in specific operation conditions [33]. Therefore, further research is needed, and
improvements can be made so that the biomimetic flow-field design can be widely used in realworld applications.
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Figure 4.6. The volume fraction of liquid water and velocity distribution at the cross-sections
close to the porous layer- flow field interface (a), (b), (c), (h), and the pressure distribution at the
middle of the flow field (d), (e), (f), (k) at different time instants.
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4.4.2

Air and liquid water behaviors in the middle main channel and the upper
peripheral channel

Liquid water, velocity, and pressure distribution can be seen in the middle of the main channel as
shown in Figure 4.7. The cross-section is taken at the middle of the computational domain along
the Y-direction (Figure 4.3 (b)). As shown in Figure 4.7, the airflow in the flow field can be seen
flowing directly from the inlet and exiting via the outlet. At the beginning t = 0.1 s (Figure 4.7 (a),
(b)), the evenly rising of liquid water inside the porous layer can be observed according to the
liquid water inlet boundary condition. The turbulence of the airflow can also be seen decreasing
gradually from the inlet to the outlet. In the pressure field, the highest pressure area is in the inlet
region while the outlet region has the lowest pressure value. As the liquid water rises in the porous
layer, it reaches the interface of the porous layer and the flow field interface at around the time
instant t = 0.3 s as shown in Figure 4.7 (c). There are dents in the water line below the inlet due to
the strong airflow from the inlet channel, and the branching junctions. Liquid water can be seen
accumulating in the outlet region. The high-pressure region can be seen expanding from the inlet
to the outlet (Figure 4.7 (d)) in comparison with that of t = 0.1 s (Figure 4.7 (b)).
At t = 0.4 s (Figure 4.7 (e), (f)), liquid water is emerging out of the porous layer to the flow field
in the lower part near the outlet while no water is seen migrating to the flow field at the upper part
near the inlet of the main channel cross-section. From the velocity distribution, it can be observed
that the airflow is disrupted after entering the flow field due to the sudden turning of the flow
direction since the inlet channel is perpendicular to the flow field. In the middle cross-section of
the main channel, the airflow flows inward to the porous layer at the middle cross-section of the
main channel, which traps the water inside the porous layer and creates a dent in the water line at
the inlet region. The flow velocity and disruption can be seen decreasing from the inlet to the outlet.
By observing the pressure distribution (Figure 4.7 (f)), the high-pressure contour can be seen
continuing to expand with the low-pressure contour retracting to the outlet. Furthermore, the liquid
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water emerges from the porous layer to the channels of the flow field at the lowest pressure area.
It is because liquid water is attracted to the low-pressure area from the high-pressure area. Fast
forward to the time instant t = 1s (Figure 4.7 (g), (h)), the phenomena of liquid water transportation
remain the same comparing to that of t = 0.4 s (Figure 4.7 (e), (f)). The low-pressure contour area
can be seen slowly continuing to retract toward the outlet channel while the pressure at the inlet
side increasing.

Figure 4.7. Liquid water and velocity distribution (a), (c), (e), (d), and pressure distribution (b),
(d), (f), (h) at the cross-section in the middle of the vertical main channel at different time
instants.
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Cross-sections are taken by the X-direction for investigating the air and liquid behaviors inside the
vertical main channel, and their positions are shown in Figure 4.8 (a). By observing the crosssections, the dual vortex can be seen in the main channel as shown in Figure 4.8 (b-d). The dual
vortex has the counter-rotation direction that the air goes down in the middle and rises back at the
flow field walls. From the inlet to the outlet, the strength of the vortex decreases, as shown in
Figure 4.7. At the time instant t = 0.2 s (Figure 4.8 (b)), the dual vortex attracts liquid water raising
in the porous layer. Forward to time instant t = 0.3 s (Figure 4.8 (c)), the liquid water emerges at
two sides of the main channel walls while the airflow forces the water down in the middle based
on the vortex direction. The liquid water continues to rise near the walls and stays trapped in the
porous layer at the center of the main channel at t = 1 s (Figure 4.8 (d)). It can also be seen that due
to the strong airflow near the inlet, liquid water cannot emerge in the middle region of the main
channel near the inlet area. It causes a dead spot in that region where liquid water stays trapped,
and the oxidant cannot travel to the membrane. However, the area is small in comparison with the
total area of the porous layer-flow field interface. The dual vortex can also promote the emerging
of liquid water near the sidewalls of the main channel. Liquid water also fills up the porous layer
faster in the area under the channels than the ribs.
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(a)

(b)

(c)

(d)

Figure 4.8. Cross-sections for investigating the air and liquid behaviors inside the main channel
with their positions (a) and the volume fraction as well as velocity distribution at different time
instants (b), (c), (d).
The cross-section of the upper peripheral channel along the edge of the flow field is taken in the
middle of the channel as shown in Figure 4.3 (b). Initially (t = 0.1 s), the sudden change of air
direction in the airflow creates a circulation at the inlet side of the branch with the trailing wake
spread along the branch length as shown in Figure 4.9 (a). Looking at the pressure distribution at
the same time instant (Figure 4.9 (b)), the circulation creates a low-pressure area that attracts liquid
water from the integrated porous layer. After a while (t = 0.3 s), the trailing wake disappears, and
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the flow becomes less turbulent after the circulation as shown in Figure 4.9 (c), (d). The lowest
pressure in the region is at the center of the circulation. Therefore, liquid water emerges from the
porous layer at that region first. Furthermore, liquid water migrates from the porous layer to the
channel at the region where the velocity is evenly distributed. Fast forward to the time instant t =
1 s (Figure 4.9 (e), (f)), the velocity distribution inside the upper peripheral channel does not have
any significant changes in comparison with that of t = 0.3 s. As shown in Figure 4.9 (e), the liquid
water travels from the porous layer to the flow field and flowing toward the outlet. Additionally,
the pressure value at the cross-section is getting higher through time with the high-pressure contour
expanding while the lowest pressure area that can be observed is located at the circulation.

Figure 4.9. Cross-sections show the volume fraction of liquid water as well as velocity
distributions (a), (c), (e), and pressure (b), (d), (f) in the middle of the upper peripheral channel at
different time instants.
In comparison with the previous study [30], the configurations with the main channels directly
connected and perpendicular to the inlet have the same transport phenomena occurring in the region
around the inlet. Specifically, the liquid water is seen to be trapped inside the porous layer
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according to the simulation boundary conditions. Therefore, too strong of the inlet air velocity
could negatively affect the uniformity of the current density as well as the performance and
reliability of PEMFC. The effects of the inlet airflow on the development of the pressure field and
the liquid water distribution as well as behaviors inside the computational domains have been
further discussed and illustrated in this study.

4.4.3

The change of contact angles as boundary conditions on the upper wall of the
porous layer and the sidewall of the flow field

The change of contact angle boundary conditions in the computational domain is shown in Figure
4.10. The dynamic contact angles are shown as dynamic boundary conditions of the walls due to
the movement of liquid water inside the computational domain. The contact line velocity in this
study is the velocity normal to the phase interface, extracted during the iteration process [39]. The
initial contact angles obtained from the experimental study by Le et al. [29] are 130° and 53° for
the porous layer and flow field walls, respectively, as listed in Table 2.1. It can be seen in Figure
4.10 (a), the boundary conditions plotted as contact angles do not change from the initial values
since the liquid water has not come into contact yet with the upper wall of the porous layer and
migrate to the flow field, i.e., there is no change of the contact line velocity. At the time instant t =
0.25 s (Figure 4.10 (b)), the change of contact angles as boundary conditions on the porous layer
can be seen at the corner and the edges of the flow field. The increase in contact angle corresponds
to an increase in the liquid water fraction when liquid water touches the walls, showing that the
walls are hydrophobic. The change of contact angle as boundary conditions on the porous layer
upper wall could be described as a wave from the flow field sidewall edges to the porous layer
upper wall outer edges (Figure 4.10 (b, c)). At the time instant t = 1s (Figure 4.10 (d)), the dynamic
contact angles return to the initial value as the liquid water almost floods the porous layer. Look at
the sidewall of the flow field, the presence of liquid water can be seen in the outlet channel by the
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increase of the contact angle as the boundary condition. It corresponds to the flow of liquid water
that comes out of the computational domain through the outlet channel as shown in Figure 4.2.

Figure 4.10. The change of contact angle as boundary conditions in the computational domain at
different time instants.
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4.4.4

Changes of liquid water amount and pressure over time inside the
computational domain

Figure 4.11 shows the amount of liquid water in the computational domain zones (flow field,
porous layer, and outlet channel). At the start (before the time instant t = 0.25 s), the water is rising
linearly in the porous layer while the liquid water has not been migrated to the flow field yet. After
the time instant t = 0.25 s, liquid water starts to migrate from the porous layer to the flow field.
Therefore, the slope of water accumulation in porous layers decreases. Around the time instant t =
0.4 s, the curve showing the amount of liquid water in the flow field, and the porous layer are
flattened significantly. It can be concluded that water transport behaviors become stable when the
porous layer is almost fully flooded in the porous layer, and water continuously migrates to the
flow field and exits through the outlet channel.

Figure 4.11. The liquid amount inside the computational domain through time.
Figure 4.12 shows the change of the gauge pressure overtime at the inlet and outlet. As the
reference pressure point is positioned at the center of the outlet boundary, the outlet pressure is
zero. Therefore, the inlet pressure is the pressure drop between the inlet and the outlet of the
computational boundary. Before liquid water comes into the flow field, the inlet pressure is
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fluctuating stably around 2.2 kPa. As the liquid water starts emerging to the flow field, the pressure
drop increases from 2.2 kPa to 2.8 kPa. After the time instant t = 0.4 s, the pressure drop stops
increasing and stays fluctuating around 2.8 kPa. In comparison with Figure 4.11, as the liquid water
emerging in the flow field, the pressure is then rising due to the empty volume inside the flow field
for the air is decreasing. When liquid water transport behaviors become stable, the average value
of the pressure drop stops increasing. The fluctuation of water is due to the non-uniformity of liquid
water flowing out of the computational domain via the outlet channel through the outlet boundary.

Figure 4.12. Gauge pressure at the inlet and the outlet of the computational domain through time.
The simulated liquid transport phenomena inside the computational domain of a PEMFC cathode
including a flow field and a porous layer have almost the same patterns despite having different
flow field configurations [30, 34]. The detailed discussion and comparison of the liquid transport
stages during the start-up duration is reported in a previous study [30] presented in Chapter 2.
Under similar boundary conditions and computational methodology, the amount of liquid and
pressure drop changing through time in the computational domains reported in Figure 4.11 and
Figure 4.12 for the leaf-like design can be compared with that of the symmetrical design [30].
Slightly more liquid water can be seen presented in the porous layer of the leaf-like design than the
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symmetrical one. It indicates that the water removal capability of this design might not be better
than the symmetrical one. Moreover, since the design proposed in this study consists of straight
channels with the main channel connecting the inlet and outlet directly, it provides a higher
pressure fluctuation range and average pressure drop than the other design with the bent channels.
It can be explained that the bent channels help to limit the effects of the strong circulations caused
by the direct airflow from the inlet.

4.5 Conclusion
The study provides in-depth views of the liquid water behaviors in the leaf-like biomimetic
designed biomimetic flow field based on Murray’s Law. The simulation of 3D two-phase unsteady
flow is conducted on the computational domain including the flow field and a porous GDL. The
VOF method with the dynamic contact angle model is used for the simulation. From the simulation,
the fluid transport process inside the biomimetic flow field and the porous layer is recorded in
terms of the liquid water, pressure, and velocity distribution. The main discoveries are:
•

The general process of liquid water transport is observed from the water inlet at the back
of the gas diffusion layer to the porous layer, the flow field, and exiting via the outlet
channels.

•

The pressure is decreasing branch-by-branch from the inlet to the outlet. Moreover, the
high-pressure contour expands through time from the highest around the inlet area to the
lowest around the outlet area.

•

Since the main channel and the peripheral channels along the flow field edges connect to
the inlet directly, the velocity is highest in those channels. The velocity field in the daughter
branches in the middle of the flow field can be seen as uniform-like.

•

The presence of the vortices inside the main channel in the middle of the flow field keeps
the liquid water inside the porous layer, which can negatively affect the fuel cell
performance and accelerate membrane degradation in the area.
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From the findings, improvements could be made for this flow field configuration. More
sophisticated modeling that integrates with more complex transport phenomena could be used for
more accurate simulation results. Moreover, optimization based on Murray’s Law could be
performed to adjust the flow field geometry for optimal fuel cell performance.

References
1.

Ijaodola, O.S., El- Hassan, Z., Ogungbemi, E., Khatib, F.N., Wilberforce, T., Thompson,
J., and Olabi, A.G. (2019) Energy efficiency improvements by investigating the water
flooding management on proton exchange membrane fuel cell (PEMFC). Energy, 179,
246–267.

2.

Wang, J. (2015) Theory and practice of flow field designs for fuel cell scaling-up: A
critical review. Appl. Energy, 157, 640–663.

3.

Sauermoser, M., Kizilova, N., Pollet, B.G., and Kjelstrup, S. (2020) Flow Field Patterns
for Proton Exchange Membrane Fuel Cells. Front. Energy Res., 8 (February), 1–20.

4.

Iranzo, A., Arredondo, C.H., Kannan, A.M., and Rosa, F. (2020) Biomimetic flow fields
for proton exchange membrane fuel cells: A review of design trends. Energy, 190,
116435.

5.

Tüber, K., Oedegaard, A., Hermann, M., and Hebling, C. (2004) Investigation of fractal
flow-fields in portable proton exchange membrane and direct methanol fuel cells. J.
Power Sources, 131 (1–2), 175–181.

6.

Ramos-Alvarado, B., Hernandez-Guerrero, A., Elizalde-Blancas, F., and Ellis, M.W.
(2011) Constructal flow distributor as a bipolar plate for proton exchange membrane fuel
cells. Int. J. Hydrogen Energy, 36 (20), 12965–12976.

7.

Sauermoser, M., Kjelstrup, S., Kizilova, N., Pollet, B.G., and Flekkøy, E.G. (2020)
Seeking minimum entropy production for a tree-like flow-field in a fuel cell. Phys. Chem.
Chem. Phys., 22 (13), 6993–7003.

8.

Roshandel, R., Arbabi, F., and Moghaddam, G.K. (2012) Simulation of an innovative
flow-field design based on a bio inspired pattern for PEM fuel cells. Renew. Energy, 41,
86–95.

103

9.

Saripella, B.P., Koylu, U.O., and Leu, M.C. (2015) Experimental and computational
evaluation of performance and water management characteristics of a bio-inspired proton
exchange membrane fuel cell. J. Fuel Cell Sci. Technol., 12 (6), 1–9.

10.

Ruan, H., Wu, C., Liu, S., and Chen, T. (2016) Design and simulation of novel flow field
plate geometry for proton exchange membrane fuel cells. Heat Mass Transf. und
Stoffuebertragung, 52 (10), 2167–2176.

11.

Chen, T., Liu, S.H., and Yang, L. (2017) Development of flow field plates based on
asymmetric leaf structure for PEM fuel cells. Int. J. Mater. Struct. Integr., 11 (4), 229–
243.

12.

Badduri, S.R., Srinivasulu, G.N., and Rao, S.S. (2020) Influence of bio-inspired flow
channel designs on the performance of a PEM fuel cell. Chinese J. Chem. Eng., 28 (3),
824–831.

13.

Trogadas, P., Cho, J.I.S., Neville, T.P., Marquis, J., Wu, B., Brett, D.J.L., and Coppens,
M.O. (2018) A lung-inspired approach to scalable and robust fuel cell design. Energy
Environ. Sci., 11 (1), 136–143.

14.

Badduri, S.R., Naga Srinivasulu, G., and Srinivasa Rao, S. (2019) Influence of lung
channel design bipolar plate on performance of pemfc using computational fluid dynamic
analysis. Mater. Sci. Forum, 969 MSF, 530–535.

15.

Cho, J.I.S., Neville, T.P., Trogadas, P., Meyer, Q., Wu, Y., Ziesche, R., Boillat, P.,
Cochet, M., Manzi-Orezzoli, V., Shearing, P., Brett, D.J.L., and Coppens, M.O. (2019)
Visualization of liquid water in a lung-inspired flow-field based polymer electrolyte
membrane fuel cell via neutron radiography. Energy, 170, 14–21.

16.

Cho, J.I.S., Marquis, J., Trogadas, P., Neville, T.P., Brett, D.J.L., and Coppens, M.O.
(2020) Optimizing the architecture of lung-inspired fuel cells. Chem. Eng. Sci., 215,
115375.

17.

Yuan, W., Tang, Y., Yang, X., and Wan, Z. (2012) Porous metal materials for polymer
electrolyte membrane fuel cells - A review. Appl. Energy, 94, 309–329.

18.

Tan, W.C., Saw, L.H., Thiam, H.S., Xuan, J., Cai, Z., and Yew, M.C. (2018) Overview of
porous media/metal foam application in fuel cells and solar power systems. Renew.
Sustain. Energy Rev., 96 (July), 181–197.
104

19.

Dong-Hui, W., Lin-Zhi, Y., Zhong-Yu, P., Cong-Da, L., Gang, L., and Qiao-Hui, L.
(2017) A novel intersectant flow field of metal bipolar plate for proton exchange
membrane fuel cell. Int. J. Energy Res., 41 (14), 2184–2193.

20.

Atyabi, S.A., and Afshari, E. (2019) Three-dimensional multiphase model of proton
exchange membrane fuel cell with honeycomb flow field at the cathode side. J. Clean.
Prod., 214, 738–748.

21.

Kizilova, N. (2004) Computational Approach to Optimal Transport Network Construction
in Biomechanics. Lect. Notes Comput. Sci. (including Subser. Lect. Notes Artif. Intell.
Lect. Notes Bioinformatics), 3044, 476–485.

22.

Kizilova, N.N. (2008) Long-distance liquid transport in plants. Proc. Est. Acad. Sci., 57
(3), 179–203.

23.

Demuren, A., and Edwards, R.L. (2020) Modeling Proton Exchange Membrane Fuel
Cells—A Review, in 50 Years of CFD in Engineering Sciences, Springer Singapore, pp.
513–547.

24.

Zhang, G., Xie, B., Bao, Z., Niu, Z., and Jiao, K. (2018) Multi-phase simulation of proton
exchange membrane fuel cell with 3D fine mesh flow field. Int. J. Energy Res., 42 (15),
4697–4709.

25.

Jiao, K., Zhou, B., and Quan, P. (2006) Liquid water transport in straight micro-parallelchannels with manifolds for PEM fuel cell cathode. J. Power Sources, 157 (1), 226–243.

26.

Le, A.D., and Zhou, B. (2008) A general model of proton exchange membrane fuel cell. J.
Power Sources, 182 (1), 197–222.

27.

Le, A.D., Zhou, B., Shiu, H.R., Lee, C.I., and Chang, W.C. (2010) Numerical simulation
and experimental validation of liquid water behaviors in a proton exchange membrane
fuel cell cathode with serpentine channels. J. Power Sources, 195 (21), 7302–7315.

28.

Wang, X., and Zhou, B. (2011) Liquid water flooding process in proton exchange
membrane fuel cell cathode with straight parallel channels and porous layer. J. Power
Sources, 196 (4), 1776–1794.

29.

Le, A.D., and Zhou, B. (2010) A numerical investigation on multi-phase transport
phenomena in a proton exchange membrane fuel cell stack. J. Power Sources, 195 (16),
5278–5291.
105

30.

Dang, D.K., and Zhou, B. (2021) Liquid water transport in PEMFC cathode with
symmetrical biomimetic flow field design based on Murray’s law. Int. J. Hydrogen
Energy, 46 (40), 21059–21074.

31.

Currie, J.M. (2010) Biomimetic Design Applied to the Redesign of a PEM Fuel Cell Flow
Field.

32.

Ozden, A., Ercelik, M., Ouellette, D., Colpan, C.O., Ganjehsarabi, H., and Hamdullahpur,
F. (2017) Designing, modeling and performance investigation of bio-inspired flow field
based DMFCs. Int. J. Hydrogen Energy, 42 (33), 21546–21558.

33.

Liu, S., Chen, T., Xie, Y., Zhang, J., and Wu, C. (2019) Numerical simulation and
experimental study on the effect of symmetric and asymmetric bionic flow channels on
PEMFC performance under gravity. Int. J. Hydrogen Energy, 44 (56), 29618–29630.

34.

Wang, X., Zhou, B., and Jiang, M. (2018) Dynamic contact angle effects on gas-liquid
transport phenomena in proton exchange membrane fuel cell cathode with parallel design.
Int. J. Energy Res., 42 (14), 4439–4457.

35.

ANSYS, I. (2013) Modeling Porous Media Based on Physical Velocity, in ANSYS Fluent
User’s Guide, Canonsburg, pp. 243–246, PA.

36.

Kothe, D.B., Rider, W.J., Mosso, S.J., Brock, J.S., and Hochstein, J.I. (1996) Volume
tracking of interfaces having surface tension in two and three dimensions. 34th Aerosp.
Sci. Meet. Exhib.

37.

Brackbill, J.U., Kothe, D.B., and Zemach, C. (1992) A continuum method for modeling
surface tension. J. Comput. Phys., 100 (2), 335–354.

38.

Kistler, S.F. (1993) Hydrodynamics of wetting., in Wettability 6, pp. 311–430.

39.

Jiang, M., and Zhou, B. (2019) Improvement and further investigation on Hoffmanfunction-based dynamic contact angle model. Int. J. Hydrogen Energy, 44 (31), 16898–
16908.

106

CHAPTER 5
CONCLUSIONS AND FUTURE WORKS

5.1 Summary and conclusions
The main objective of this thesis is the numerical investigation of the water behavior of liquid water
in PEMFC cathodes with various biomimetic flow field designs. The flow field designs chosen for
the study are biomimetic or so-called nature-inspired designs. The designs are the symmetrical
design based on Murray’s Law, the branching leaf-like design, and the leaf-like design based on
Murray’s Law. The computational domain for the studies includes a flow field and a porous layer
at the cathode side of PEMFCs. In the studies, the validated Volume of Fluid method is used for
the tracking of the liquid-gas interface. Furthermore, the validated Dynamic Contact Angle model
is also implemented for more accurate results. From the simulation results, the liquid water and air
interactions and behaviors are observed from the volume fraction of the liquid water, the
distribution of velocity and pressure inside the computation domains. For the three biomimetic
configurations, the general processes of liquid transport, as well as the liquid water emerging
effects from the porous layer to the flow field, are recorded. The dynamic contact angle changes at
the computational domains are also observed. The change of liquid water amount inside the porous
layer and flow field and the pressure drops are also discussed in the studies. The simulation results
are compared with the experimental results. Suggestions for improvements in the flow field designs
are also made. The summarized observations for this study of liquid water behavior inside PEMFC
cathodes with biomimetic flow field designs are:
•

For all three biomimetics flow field designs, the main (middle) channel and the peripheral
channels have the highest velocity since they are connected to the inlet channel directly.
Furthermore, the air velocity magnitude at the middle region of the flow field does not
change much.
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•

The patterns of the liquid amount changes inside the flow field and porous layer as well as
the pressure drop over time are similar for the three flow field designs. It can be divided
into three stages: the first stage when water accumulating inside the porous layer without
presenting in the flow field yet, the second stage when the liquid water starting to migrate
from the porous layer to the flow field, the third and final stage when the liquid transport
behaviors having little changes in the simulated duration. Therefore, the observed general
processes of liquid water transport process for the three designs have many similarities.

•

Since all three designs have the main (middle) channel connected directly to the inlet
channel, there is a possibility of a zone in the region near the inlet of the channel that the
water cannot be quickly removed from the porous layer when the air mass flow rate is too
high. Because of the continuous liquid water generation used as a simulation boundary
condition, it causes potential "flooding" in the porous layer at the region as liquid water
cannot be directly removed. However, a too strong and dry air flow can potentially cause
the “drying out” of the membrane in that region. Because water shortage could happen in
real life as the water generated from the electrochemical reaction cannot compensate for
the water removed too quickly in the region when the airflow is too strong. It can lead to
uneven current density distribution and irreversible degradation of the PEMFC.

•

For the symmetrical biomimetic flow field design based on Murray’s Law, the 90° elbow
bends are the areas that attract liquid water first and create a sudden pressure change in the
channels. Modification can be performed, and more study is needed in order to improve it.

•

For the leaf-like flow field design, the branching with the sub-channels helps to promote
the electrochemical reactions by creating disruptions of the flow and distribute the
reactants evenly.
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•

For the leaf-like flow field design based on Murray’s Law, the pressure field is decreasing
branch-by-branch from the inlet to the outlet. Therefore, the presence of liquid water is
also increasing branch-by-branch from the inlet to the outlet.

•

The changes of the liquid amount in the flow field and the porous layer through time in all
three configurations are quite similar. The Murray’s Law symmetrical design has the least
amount of liquid water in the porous layer while the other two designs have almost the
same amount of liquid in the flow field and porous layer. On the other hand, the pressure
drops are significantly different between the three cases. The pressure drop is highest for
the leaf-like design and lowest for the symmetrical design based on Murray’s Law.
Moreover, the leaf-like design also has the largest pressure drop fluctuation in comparison
with the others while the symmetrical design based on Murray’s Law has the smallest
fluctuation range.

•

Overall, the symmetrical biomimetic design based on Murray’s Law provides the best
water management capability with the lowest pressure drop, which can minimize the
parasitic load and mechanical stress on the fuel cell stack. Furthermore, the design also
allows liquid to be quickly removed from the porous layer than other designs as less liquid
can be seen on the computational domain, which could be beneficial for fuel cell
performance since it reduces the risk of “flooding”. In comparison with the other two
designs, the leaf-like design seems to be the least desired based on the high pressure drop.
However, the presence of the branching sub-channels can have the potential of enhancing
fuel cell performance by promoting the electrochemical reactions as the reactants are
disrupted and circulated throughout the flow field.
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5.2 Recommendations for future work
This thesis focuses on the study of liquid water behaviors on various biomimetic flow field
designs with the fixed liquid generated rate and neglecting other transport phenomena. In the
future, a more general model with the consideration of the electrochemical reactions and heat
transfer could be employed or a simulation of a fully assembled cell could be conducted in
order to provide a more in-depth understanding of the flow field designs and a more realistic
simulation of PEMFC. Furthermore, experiments could be conducted for the validations of the
simulation results.
The biomimetic flow field or so-called nature-inspired design gives promising water
management capabilities. However, improvements to the flow field configurations can still be
made. The Murray’s Law, branching angles, and other geometry parameters based on real-life
organisms can be used as mathematical descriptions for the optimization of flow field designs.
Therefore, an optimal flow field design can be found with the capability of maintaining
membrane hydration, preventing flooding, providing uniform reactants distribution, and low
pressure drop for the improvement of fuel cell durability, efficiency, and performance.
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